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ABSTRACT 
The University of Manchester 
Memiş Acar 
DSc 
Air and Water Jets in Textile Processing 
2009 
 
This thesis describes original engineering research which aimed to establish 
fundamental understanding of various textile processes and to search for 
solutions to the associated problems. First, the particulars of the candidate 
are given, followed by a list of the publications included in the submission 
and the summary of each paper detailing the aims and achievements of 
the work. In this thesis, contributions in the following areas are described: 
1. Air-jet texturing and intermingling: this section, which contains nearly 
half of the papers, reports the research in the field of air-jet texturing of 
continuous filament yarns and intermingling of false-twist textured 
yarns.  Theoretical and experimental investigations of the supersonic air 
flow, its interaction with the filament yarn and the effect of process 
parameters on the properties of the textured yarn are reported. This 
research established a clear understanding of the mechanism of the 
loop and entanglement formation in the air-jet texturing and the air-
intermingling processes. Improvements to both processes have been 
suggested and more efficient and cost effective nozzles have been 
designed and evaluated.  
2. Yarn characterisation: development of digital image processing and 
analysis techniques for objective, non-invasive and accurate 
assessment of the structural properties of the air-jet textured yarns is 
reported. The research has been extended to include the measurement 
of nip frequency and regularity of the air-intermingled yarns, as well as 
the yarn hairiness, evenness and twist of the conventional spun yarns.  
3. Water-jet and thermal bonding of nonwovens: experimental research 
into the nonwoven fabric formation using very fine high-pressure water 
jets and modelling of the thermal bonding of fibrous webs by passing 
hot-air flow through them, mostly in collaboration with North Carolina 
State University, are reported. Models developed provide an essential 
tool for more efficient process, product and machine design. 
4. Finally, this short section reports various other textile engineering 
research including the use of pulse lasers to fuse false-twist textured 
yarns to impart fused nodes (nips), the fibre opening, straightening and 
transportation using high-speed air flow in the open-end spinning 
process, and the design, development and construction of a novel 
circular warp knitting machine.  
The interrelationship between the publications is explained and reference to 
the work of the others in the field is given where appropriate. The 
contributions that the publications have made and the role that they played 
in advancing the knowledge in the research field and the impact they have 
made on other researchers are stated. The papers submitted represent 
research projects which were pioneering in their field and often inspired 
other researchers. 
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BIOGRAPHICAL SKETCH 
 
I was born and spent my pre-school childhood in Cappadocia, a region of 
Turkey characterized by a unique historical and cultural heritage and 
exceptional natural wonders.  
I went to school in Ankara and then studied mechanical engineering at the 
Middle East Technical University (METU) in Ankara, arguably the best 
engineering university in the country. Following my graduation I began a 
masters degree in Mechanical Engineering at METU. I decided to apply for a 
teaching assistant position at METU not because I was planning a career in 
academia but for the simple reason that being a teaching assistant in the 
Mechanical Engineering Department whilst doing a masters degree was 
very convenient. Such positions were scarce and very competitive, but this 
did not scare me. I took a written examination followed by an interview. I 
was successful and began both my first full-time job as teaching assistant 
and my masters degree in the autumn of 1974.  
I married Serpil in the summer of 1975. Serpil was also registered to do a 
masters degree in pure mathematics at METU, with a scholarship from 
TÜBİTAK (Science and Technical Research Council of Turkey), under the 
supervision of Professor Tosun Terzioğlu, now the Rector of Sabancı 
University. 
I completed the taught elements of my course successfully but could not 
complete the dissertation requirement due to the political disturbances in 
Turkey in the 1970s which practically brought METU to a complete 
standstill for almost the whole of 1977. During these pre-personal 
computer days, I was using the METU’s main-frame IBM computer for my 
dissertation project.  This modelled a vibration problem; one day 
submitting FORTRAN programs using punch cards and the next day 
collecting the output. Closure of the computer services meant the end of 
my dissertation project. Serpil was able to complete her masters 
dissertation, since pure mathematics did not require computer 
programming. 
During my employment as a teaching assistant, I had grown to enjoy both 
teaching and research and warmed to the idea of seeking a career in 
academia. Given the situation in Turkey in late 1970s, there was only one 
viable option and that was to go abroad to study for a PhD degree. In the 
summer of 1977 following a nationwide exam, I was awarded a Turkish 
Government scholarship to study abroad for a PhD in textile machinery. I 
chose the Department of Textiles at UMIST (Manchester University) and, in 
order to gain knowledge in this field, registered initially for an MSc degree 
in textile technology.  
The first year was full of hardship since two of us were living abroad on a 
single scholarship. Our son Barış was born in October 1978. We named him 
Barış, which means ‘peace’ in Turkish, because it was what Turkey lacked 
most in those days. Serpil was also awarded a Government scholarship in 
the summer of 1978. I completed my MSc in 1979. 
However, for my PhD degree I wanted to move to an engineering 
department with textile engineering research activities. It was suggested 
that I get in touch with Professor Gordon Wray at Loughborough University 
of Technology. As a graduate of a technical university, the word 
‘technology’ in the title of Loughborough sounded attractive to me. 
Professor Wray, then Dr Wray, had moved from the Department of Textiles 
at UMIST to become a Reader in Mechanical Engineering at Loughborough. 
He had already established textile engineering research activities and built 
up facilities at Loughborough. Previously a CAT (College of Advanced 
Technology), Loughborough received its Royal charter in 1966 making it a 
University.  
During a visit to Loughborough, Professor Wray told me that he had 
pioneered research into air-jet texturing in the 1960s, even carrying out his 
own PhD on this process. A Turkish student (Mr Hüseyin Şen) had moved 
to Loughborough with him to complete a PhD on air-jet texturing in 1971. 
However, since then there had been a lull in research on this topic. The 
message was loud and clear that he wanted me to revitalise the air-jet 
texturing research. The subject had certain attractions and challenges; 
hence I welcomed the opportunity to conduct my PhD research in this field. 
Professor Wray asked Dr AJ Alexander and Mr RK Turton, Reader and 
Lecturer in fluid mechanics respectively, to serve as joint supervisors. Dr 
Alexander sadly had to retire due to ill health before I completed my PhD 
and did not live very long afterwards. 
Apparently the test rig of Dr Şen was stored in the Department. It turned 
out to be, to my disappointment, not in good condition for my research. My 
first task was, therefore, to design and build a single position air-jet 
texturing research machine. This took almost all of my first year as a PhD 
student. With hindsight I was glad that I designed and built my own 
research rig for, not only did I learn a great deal from this exercise, but 
also I produced a flexible research machine which allowed me to control 
the process parameters for my future experiments. 
Serpil began a graduate course in statistics in October 1979, prior to her 
PhD research the following year. The following few years, we, as man and 
wife, were postgraduate PhD students at Loughborough and had our young 
Barış to look after. We always considered Barış to be our joint third PhD 
project!  
A past student of Professor Wray from UMIST, Mr Keith Wilson, an 
independent consultant in yarn engineering, introduced us to Mr Christian 
Simmen of Heberlein Maschinenfabrik AG of Switzerland, manufacturers of 
HemaJet, air jet texturing nozzles. I appreciated Chris’ collaboration and 
help in providing texturing nozzles and technical information, especially in 
the early stages of my research.  
There was contemporary research into air-jet texturing at the Institute of 
Textile Engineering at University of Aachen in Germany. It had an excellent 
reputation in textile engineering and technology research; I was in 
competition with them and it was daunting. Three years of intensive 
research provided new findings about the air-jet texturing process and air 
flow, which eventually resulted in seven journal papers published in the 
Journal of Textile Institute and numerous conference presentations. These 
helped me to gradually make a name as the leading researcher in this field. 
Towards the end of my PhD research I asked Professor Wray if there would 
be further opportunities for postdoctoral research at Loughborough 
because I knew that there were still plenty of unanswered questions about 
the process. He told me to think of a research programme and draft a 
research proposal to be submitted to the Science and Engineering Research 
Council SERC, as it was known then. My very first research proposal 
entitled ‘Improvements to the air-jet texturing yarn manufacturing 
process’, of course edited by Professor Wray, was successful. I started 
working as a Research Assistant in November 1983 on the research project 
that I had written. This proposal also included development of objective 
techniques such as loop size and frequency to assess the quality of the 
textured yarns.  Dr Tim King was also involved as an investigator to 
oversee this aspect of the research. 
I was made a Research Fellow in 1984. At this time a Turkish PhD student, 
Mr Ali Demir, a masters graduate of Istanbul Technical University, began a 
PhD project on air-jet texturing under joint supervision of myself and 
Professor Wray. As a relatively young researcher, fresh from my own PhD 
research I spent many happy hours discussing Ali’s PhD research with him, 
giving him a very close supervision.   
Serpil completed her PhD and I became a sub-warden of William Morris 
Hall in 1985. I became a Lecturer in 1986. Later in 1988, I was appointed 
as the Warden of Telford Hall.  I served in this capacity for 10 years. Being 
a hall warden appears to be not everyone’s cup of tea but both Serpil and 
I, having spent our working lives in academia, enjoyed being surrounded 
by students and contributing to their welfare and personal development. At 
times, but not always, it really was fun. 
Because we decided not to return to Turkey immediately after the 
completion of our PhDs, both Serpil and I paid back the financial support, 
with interest, that we received from the Turkish Government. This was like 
a second mortgage over a period of five years. This freed us from any 
obligations in our contract with the Government and paved the way for us 
to stay in the UK. 
Professor Wray, Mr Keith Turton and I were awarded another SERC grant in 
collaboration with Rieter-Scragg to investigate intermingling nozzles used 
on false-twist filament yarn texturing machines. I employed Dr Ali Demir, 
who had just completed his PhD, as a postdoctoral research assistant on 
this contract. On completion of the three-year contract Dr Demir worked 
for Heberlein for a couple of years before returning to İstanbul Technical 
University, where he is now a professor. 
In October of 1987, I organized an international conference at 
Loughborough entitled ‘Air-jet texturing: present and future’, which was 
very well attended and received. I organised a second conference in 1989 
on the theme of ‘Air-jet texturing and mingling/interlacing’ which attracted 
over 100 delegates. In the summer of 1987, I received an invitation from 
Clemson University, South Carolina to give a number of talks based on my 
research at Loughborough at their two-day conference entitled ’New 
developments in air-jet texturing’. I happily accepted this invitation 
knowing that it would give me an opportunity to expose my research to 
the US industry and academia. Clemson University continued to run air-jet 
texturing conferences in 1988 and 1989 and I was invited as the lead 
speaker to both these conferences. 
1989 turned out to be a good year for Serpil and myself.  Professor 
Gordon Wray and I received a joint invitation from the Institution of 
Mechanical Engineers to deliver the IMechE’s prestigious Thomas Hawksley 
Memorial Lecture at the London Headquarters of the Institution. The title 
of our lecture was ‘Supersonic jet texturing of yarns’. After having worked 
as a Research Assistant at Loughborough Manufacturing Engineering and 
as a Postdoctoral Fellow at the Department of Applied Computing and 
Mathematics at Cranfield University, Serpil was appointed as a Lecturer in 
the Engineering Design Institute at Loughborough. 
With Dr Jim Hewit’s appointment as professor at Loughborough in 1986, I 
became aware of mechatronics design philosophy and developed an 
interest in its applications to textile machinery and processes. In 1992, I 
was awarded an Advanced Study Institute grant from NATO Scientific 
Affairs Division to run an ASI on ‘Mechatronic Design in Textile 
Engineering’. This two-week residential programme was held in Side, 
Turkey, attracting about a dozen eminent researchers in the field as well 
as over 60 participants, mainly young, early-career researchers. This was 
the first of many such meetings, conferences that our second son, Baran 
Galip, who was born just a month previously, attended with us. 
I became a Senior Lecturer in 1991. Serpil chose to move to the 
Department of Computer Science when the Engineering Design Institute 
was subsumed into the Department of Mechanical Engineering in 1992. 
My publications in journals and presentation at conferences gradually built 
up a reputation for me and gained recognition for my research. I attracted 
another Turkish PhD student (Ms Şule Bilgin) who continued with research 
into not only air-jet texturing but also intermingling nozzles. She graduated 
in 1994. I also hosted the visit of a PhD student (Mrs Şükriye Ülkü) from 
Uludağ University, Bursa, Turkey, for a year. Professor Wray and Dr Tim 
King had an SERC research grant in collaboration with Platt Saco Lowell Ltd 
to investigate the friction spinning process and there was a spinning 
machine on loan to Loughborough for this research. Şükriye took 
advantage of this machine and conducted experimental research under my 
supervision jointly with Dr King on the opening and transport of fibres by 
air flow in open-end spinning. Combined with further research back in 
Turkey she successfully completed a PhD thesis in 1991 at Uludağ 
University. Professor Ülkü is currently Head of Department of Textile 
Engineering at Uludağ University. 
Through his individual undergraduate project one of Loughborough’s 
graduates (Mr Mike Millman) became interested in imaging systems and 
began a PhD research under my supervision jointly with Dr Mike Jackson. 
His PhD research was on the development of image analysis techniques to 
quantify various parameters of spun yarns such as hairiness and evenness 
and the nip frequency of intermingled yarns. I was pleased to have a PhD 
student working on this topic which I started during my postdoctoral years.  
Millman completed his PhD in 2000 and moved to Shelton Vision of 
Leicester.  
I continued with the vision systems and image analysis research with a 
further PhD student, Mr Yaşar Özkaya, a graduate of Istanbul Technical 
University. Yaşar developed novel methods and algorithms of evaluating 
yarn hairiness and evenness, together with fabric simulation techniques 
using the hairiness information. He also developed an accurate yarn twist 
measurement algorithm. Yaşar completed his PhD in 2004 and returned to 
Turkey. The paper entitled “Digital image processing and illumination 
techniques for yarn characterization” that we published from Yaşar’s PhD 
research, won the 2006 Charles E. Ives Award of the Society of Imaging 
Science and Technology. 
In November 1994, The British Textile Machinery Association organized a 
one-day symposium in Huddersfield, entitled ‘Textile Machine Research 
Funding – Are You Getting Your Share?’.  Both industry and academia 
were invited to this meeting. I was invited to represent Loughborough 
University to speak about our textile machinery research which had a 
track record of nearly three decades under the leadership of Professor 
Wray. The title of my talk was ‘Innovation in Textile Machinery – 
Contributions of a University Mechanical Engineering Department’. I met a 
number of industrialists at this meeting, two of which turned out to be 
very fruitful for my research.  
The first one was a small local enterprise, Tritex International of Barwell in 
Leicestershire, with expertise in custom designed and built circular weft 
knitting machines. They had a vision of developing a circular ‘warp’ 
knitting machine but did not have the resources to do so. The warp 
knitting process was thought to be impracticable in the circular format. In 
1995, I successfully applied, in conjunction with Tritex International, for 
what was then known as a ‘Teaching Company Scheme’ grant. This grant 
had three ‘Teaching Company Associates’ based at the company but 
closely supervised by the University staff. I invited my colleagues Dr Mike 
Jackson and Mr Allan Baggott of the Department of Mechanical 
Engineering and Mr Alan Hodgson of the Department of Manufacturing 
Engineering to form a team to run the Teaching Company project. Two of 
the associates (Ms Sylvia Mermelstein and Mr Darren Hale) focused on 
designing and building the circular warp knitting machine and the third 
one (Mr Paul Denton) was dedicated to developing a computerized process 
control system for the company. Sylvia took the lead on the mechanical 
design of the machine whilst Darren focused on the development of 
electronics and computing, jointly working towards creating the world’s 
first mechatronic circular warp knitting machine.  This was exhibited at the 
1999 International Textile Machinery Exhibition (ITMA) in Paris. Sylvia 
successfully completed a PhD thesis based on her knitting machine design 
which contained the novel concepts that made circular warp knitting 
possible, as well as modelling and the optimization of the process. 
The second company that I met at the BTMA’s symposium was Courtaulds 
Engineering of Coventry who had developed a new hydroentanglement 
machine to make nonwovens. They needed further research into the 
efficiency of the process with particular emphasis on the water jets. In 
1997, Mr Henk K Versteeg and I successfully applied to EPSRC for a 
research grant in collaboration with Courtaulds Engineering. We employed 
Dr Eli Ghassemieh, a Loughborough PhD graduate, as a postdoctoral 
research assistant.  This research was pioneering in this field and 
preceded a number of research projects funded by the Nonwovens 
Cooperative Research Center of North Carolina State University. 
In 1996, Barış was admitted to the University of Cambridge to study 
engineering.  This was a dream come true for Barış, and a proud moment 
for Serpil and me. 
In 1998, I successfully applied for an Engineering Foresight Award of the 
Royal Academy of Engineering. This award, currently known as the Global 
Research Awards, was designed to encourage research and development 
networking around the world and to facilitate the development of lasting 
international research collaborations. This award enabled me to be 
seconded as a visiting scholar to the College of Textiles at North Carolina 
State University, Raleigh, NC, USA, from Sept. 1998 to Sept. 1999. This 
one year placement was the beginning of a very strong relationship with 
the Nonwovens Cooperative Research Center of the College of Textiles. 
This relationship is still growing stronger each year.   
During my stay at the College of Textiles in Raleigh, I closely supervised a 
graduate student (Mr Nikhil Dani) for his masters degree research in air-
jet texturing using an old, unused air jet texturing machine, which I 
helped to restore. Professor Bill Oxenham was the principal supervisor of 
the student because, as a visiting scholar, I could not be the sole 
supervisor. Prof. Oxenham became interested in the air-jet texturing 
process and purchased a single position air-jet texturing machine for 
research. Nikhil continued to study for a PhD degree; I continued to advise 
him remotely even after my return to Loughborough, and during six-
monthly visits to Raleigh. He graduated in 2004.  
I was very pleased that I introduced air-jet texturing research, which has 
a special place in my research career, to the College of Textiles at NC 
State. Oxenham continued to supervise a couple of masters students on 
air-jet texturing. I am also happy that I am still able to continue to be 
involved in air-jet texturing research as an expert adviser to colleagues at 
Uludağ University, Bursa, Turkey, for their research investigating the 
adhesion of high-performance air-jet textured cord yarns to rubber 
compounds used in tyre manufacture. This, and the Turkish research 
students that I have supervised, helps repay the moral and cultural debt 
that Serpil and I feel we owe to Turkey for our early years. 
During my stay at the College of Textiles, I was invited to join the team of 
investigators for the Federal Government funded NTC (National Textile 
Center) project, entitled ‘Micromachine based fabric formation systems’.  I 
also helped to write another successful NTC project proposal entitled ‘Fiber 
motion and yarn forming in high-speed air flows’.  
I was also able to continue to closely supervise the EPSRC funded research 
on hydroentanglement and the Teaching Company Scheme at 
Loughborough while I was away in North Carolina because I visited 
Loughborough at least once every quarter. I also started a new research 
project at the College of Textiles into hydroentangling glass fibres and 
glass blends as an alternative to glass mats that normally have no 
cohesion between the fibres used in composite manufacture. Dr Yiping Qui 
and I jointly supervised a masters student, Mr Trent Dikeman, who 
graduated in 2002.  
Whilst I was in Raleigh, I submitted a ROPA (Realising Our Potential 
Award) application to EPSRC for a one-year blue-sky feasibility research 
entitled ‘Fusion of continuous synthetic filament yarn using pulse laser to 
impart inter-filament cohesion’. The technique was proposed as an 
alternative to air-intermingling of textured yarns. Dr William Dudeney, a 
Loughborough graduate, was employed as a research assistant on this 
project. The results of the modelling and experimental research proved 
that it was possible to fuse thermoplastic multifilament yarns at regular 
intervals to impart the desired cohesion. 
On my return to Loughborough from NC State, I submitted a ‘network’ 
grant to EPSRC to establish a ‘textile machinery research network’ in order 
to enhance interaction between academia and industry in the UK. This 
application was successful and the network operated for three years from 
2000 to 2003, enabling me to organise numerous meetings which brought 
together many companies with academia.  
In 2001, I was awarded an EPSRC grant to pilot an undergraduate 
research experience programme for engineering students, called 
‘ENSURE’. Although such programmes were common in US universities, 
funded by the National Science Foundation, this was the first of its kind 
supported by a UK Research Council. The pioneering scheme provided 
research experience to 24 engineering undergraduate students over three 
years.  Loughborough University continues to run the scheme with its own 
funding. Recently, EPSRC began to run a pilot scheme called ‘Vacation 
Bursary Programme’ which is almost identical to the Loughborough 
ENSURE Scheme. It is very satisfying to see that the scheme that I 
initiated at Loughborough has been endorsed by the EPSRC and has grown 
to become a national scheme.  
An international travel grant from EPSRC helped to strengthen the 
cooperation with NC State University. After my return to Loughborough, I 
continued to lead, as principal investigator, a further hydroentanglement 
research project entitled ‘Wet laid hydroentangled glass fibre composites’ 
which was based in Raleigh and funded by NCRC.  Professor Behnam 
Pourdeyhimi and Dr Don Shiffler of NC State University acted as joint 
investigators. Ms Neha Vaidya, the graduate student on the project, 
graduated with a masters degree in 2003.  
My second NCRC funded project, entitled ‘Modelling of air-flow and heat 
transfer in the through-air bonding process’ was this time based at 
Loughborough. In 2003, I employed Dr Mamdud Hossain, a Loughborough 
PhD graduate, as a postdoctoral researcher for three years. Dr W. 
Malalasekera, an expert in computational fluid mechanics, acted as joint 
investigator. This research established an understanding of the bond 
formation between fibres when subjected to hot air flow. 
In 2000, Barış graduated from Cambridge with a First Class Degree in 
Engineering, making his parents very proud. Serpil was promoted to 
Senior Lecturer in 2001. In 2003 Baran took the entrance exams for 
Loughborough Grammar School so that he could follow in his brother’s 
footsteps. He not only got admitted to the School but he also won one of 
the very few Grammar School scholarships.  
The strong relationship that I built with NCRC led to a collaborative 
fellowship agreement that facilitates sharing the cost of nonwovens 
research based at Loughborough University. Currently we have two jointly 
funded Loughborough based PhD students. Messrs Xiaonan Hou and 
Emrah Demirci are currently working on the macro and micro modelling 
and experimental verification of thermally bonded nonwoven structures. 
Since 1999, I regularly attended NCRC Industrial Advisory Board meetings 
twice a year where the researchers report their progress on their research 
and receive feedback from the members. 
My research relationship with the NC State University was further 
enhanced by my formal appointment as an Adjunct Professor in the 
Department of Textile Engineering, Science and Chemistry in 2009.  
A surprise twist of events led the NCRC-funded through-air bonding 
modelling project to generate an industrially funded research contract. In 
April 2005, I was reporting our findings of the research at the ‘Nonwovens 
Research Academy’ meeting in Geneva.  Following my talk a member of 
the audience put his hand up to ask a question.  Naturally, I was 
expecting a technical question about my presentation. Leo Lucas of 
Colbond bv of the Netherlands asked me whether he could take half an 
hour of my time. This meeting led to Colbond supporting a research 
project to model their through-air bonding process. They lacked modelling 
capability but had a pilot plant to support the research with the 
experimental data needed to verify the models. This was an ideal 
combination. Mr Murat Pekşen, an MSc graduate of University of Aachen, 
successfully completed a PhD on this process in 2008. 
In this biographical sketch I have mainly dwelt on my research directed to 
applying science and engineering principles to problems relating to textile 
industry, machinery and processes, and the people and personalities that I 
met along the way. My family is an alternative thread, supporting me all 
the time. Looking back, I have a lot to be grateful for.  A particularly 
poignant moment came recently when I received an invitation from the 
Royal Society, at Professor Wray’s request, to write the biographical 
memoir of Professor Gordon R Wray, Loughborough’s first and the only 
‘home grown’ Fellow of the Royal Society, for inclusion in the 2008 edition 
of the Biographical Memoirs of Fellows of the Royal Society∗. Gordon Wray 
was, of course, my PhD supervisor, mentor and friend; he played a 
formative part in my early career and I shall be forever in his debt. I was 
delighted to accept, and the memoir is now published. 
In 2009, I have been conferred the title of Professor by Loughborough 
University.  
                                            
∗ Acar, M., Biographical Memoirs of Gordon Richard Wray, Biographical Memoirs of Fellows 
of the Royal Society, Vol. 54 (Dec.), 2008, pp 461-482 (DOI: 10.1098/rsbm.2008.0014)  
 
LIST OF PUBLICATIONS CONSTITUTING THE SUBMISSION 
Air-jet texturing and air-intermingling 
1. Acar, M., Alexander, A.J., Turton, R.K. and Wray, G.R., ''Loop 
formation mechanism in the air-jet texturing process'', Int. Textile 
Bulletin/Yarn Forming, Part 3, 1983, pp 49-62 
2. Acar, M. and Wray, G.R., ''An analysis of the air-jet yarn texturing 
process Part 1: Brief history of developments in the process'', Journal 
of the Textile Institute, 77 (1), 1986, pp 19-27 
3. Acar, M. and Wray, G.R., ''An analysis of the air-jet yarn texturing 
process Part II: An experimental investigation of the air flow'', Journal 
of the Textile Institute, 77 (1), 1986, pp 28-43  
4. Acar, M., Turton, R.K. and Wray, G.R., ''An analysis of the air-jet yarn 
texturing process Part III: Filament behaviour during texturing'', 
Journal of the Textile Institute, 77 (4), 1986, pp 235-246  
5. Acar, M., Turton, R.K. and Wray, G.R., ''An analysis of the air-jet yarn 
texturing process Part IV: Fluid forces acting on the filaments and the 
effects of filament cross-section area and shape'', Journal of the 
Textile Institute, 77 (4), 1986, pp 247-254 
6. Acar, M., Turton, R.K. and Wray, G.R., ''An analysis of the air-jet yarn 
texturing process Part V: The effect of wetting the yarns'', Journal of 
the Textile Institute, 77 (6), 1986, pp 359-370 
7. Acar, M., Turton, R.K. and Wray, G.R., ''An analysis of the air-jet yarn 
texturing process Part VI: The mechanism of loop formation'', Journal 
of the Textile Institute, 77 (6), 1986, pp 371-376 
8. Acar, M. and Wray, G.R., ''An analysis of the air-jet yarn texturing 
process Part VII: The effects of process parameters on yarn 
properties'', Journal of the Textile Institute, 77 (6), 1986, pp 377-385  
9. Acar, M., Turton, R.K. and Wray, G.R., ''Air flow in yarn texturing 
nozzles'', Transactions of ASME Journal of Engineering for Industry, 
109 (3), 3rd August 1987, pp 197-202 
10. Acar, M., ''Factors governing the choice of feeder yarns suitable for 
air-jet texturing'', Chemiefasern/Textilindustrie, 38/90 (4), April 
1988, pp 322-326 & E35-E37 
11. Demir, A., Acar, M. and Wray, G.R., ''Air-jet textured yarns: The 
effects of process and supply yarn parameters on the properties of 
textured yarns'', Textile Research Journal, 58 (6), 1988, pp 318-328  
12. Demir, A., Acar, M. and Turton, R.K., ''Grundsätzliches zur 
Lufströmung in Texturierdüsen (A basic understanding of the air flow 
in texturing nozzles)'', Melliand Textilberichte, 69 (4), April 1988, pp 
233-241&E126-E129 
13. Acar, M., ''Use of air jets in yarn texturing processes'', International 
Fiber Journal, 4 (1), February 1989, pp 53-73 
14. Acar, M. and Demir, A., ''The mechanism of yarn wetting'', Man-Made 
Fiber Year Book, 1989, pp 89-90 (Also published in: 
Chemiefasern/Textilindustrie, 39/91 (4), April 1989, pp 356-
366&E43-E45) 
15. Demir, A., Acar, M. and Turton, R.K., ''Air flow in nozzles'', Textile 
Asia, 11 (8), 1990, pp 77-80, 89-93 
16. Wray, G.R. and Acar, M., ''Supersonic jet texturing of yarns (76th 
Thomas Hawksley Lecture)'', Proceedings of the IMechE, Part B: 
Journal of Engineering Manufacture, 204, 1990, pp 71-89 
17. Versteeg, H.K., Bilgin, S. and Acar, M., ''Effects of Geometry on the 
Flow Characteristics and the Texturing Performance of Air-jet 
Texturing Nozzles'', Textile Research Journal, 64 (4), 1994, pp 240-
246 
18. Bilgin, S., Versteeg, H.K. and Acar, M., ''Effect of Nozzle Geometry on 
Air-Jet Texturing Performance'', Textile Research Journal, 66 (2), 
February 1996, pp 83-90 
19. Versteeg, H.K., Acar, M. and Bilgin, S., ''Effect of geometry on the 
performance of intermingling nozzles'', Textile Research Journal, 69 
(8), 1999, pp 545-551 
20. Acar, M. and Versteeg, H.K., ''Air-jet texturing and intermingling 
nozzle designs: easy to manufacture and maintain'', Chemical Fiber 
International Journal, 50, 2000, pp 502-505 
21. Acar, M., Bilgin, S., Versteeg, H.K., Dani, N. and Oxenham, W., 
Mechanism of Forming and Fixing Loops in Air-jet Texturing: The Role 
of Wetting, Spin Finish and Friction, Textile Research Journal, 76 (2), 
2006, pp116-125  
Yarn characterisation 
22. Acar, M., King, T.G. and Wray, G.R., ''Entwicklung objectiver 
Qualitätskriterien für Luftdüsentexturierte Garne (Air-jet textured 
yarns: Development of objective quality control criteria)'', Melliand 
Textilberichte, 68 (5), 1987, pp 315-318&E138-E140 
23. Jackson, M.R., Acar, M., Siong, L.Y. and Whitby, D.R., ''A Vision 
Based Yarn Scanning System'', Mechatronics Journal, 5 (2/3), 1995, 
pp 133-146  
24. Millman, M.P., Acar, M. and Jackson, M.R., ''Computer Vision for 
Textured Yarn Interlace (Nip) Measurements at High-speeds'', 
Mechatronics Journal, 11 (8), 2001, pp 1025-1038 
25. Özkaya, Y.A., Acar, M., and Jackson, M.R., Digital Image Processing 
and Illumination Techniques for Yarn Characterization, J of Electronic 
Imaging, 14 (2), 2005, 13 pp – 2006 Charles E. Ives Award of the 
Society for Imaging Science and Technology. 
26. Özkaya, Y.A., Acar M. and Jackson, M.R., Hair Density Distribution 
Profile to Evaluate Yarn Hairiness and its Application to Fabric 
Simulations, J. of the Textile Institute, 98 (6), 2007, pp 483 - 490 
27. Özkaya, Y.A., Acar M. and Jackson M.R., Simulation of Photo-Sensor 
Based Hairiness Measurement Using Digital Image Analysis, J. of the 
Textile Institute, 99(2), 2008, pp 93 – 100 
28. Özkaya, Y.A., Acar, M. and Jackson, M.R., Yarn twist measurement 
using digital imaging, The Journal of the Textile Institute, DOI: First 
Published on: 24 July 2008, ISSN: 1754-2340 (electronic)  
Water-jet and thermal bonding of nonwovens  
29. Ghassemieh, E., Acar, M. and Versteeg, H.K., ''Improvement of the 
efficiency of energy transfer in the hydroentanglement process'', 
Composite Science & Technology, 61 (12), 2001, pp 1681-1694 
30. Ghassemieh, E., Acar, M. and Versteeg, H.K., ''Microstructural 
Analysis of Nonwoven Fabrics Using SEM and Image Processing, Part 
I: Development and Verification of the Methods'', Proceedings of the 
IMechE, Part L: Journal of Materials: Design and Applications, 216 
(L3), 2002, pp 199-207 
31. Ghassemieh, E., Acar, M. and Versteeg, H.K., ''Microstructural 
Analysis of Nonwoven Fabrics Using SEM and Image Processing, Part 
II: Application to Hydroentangled Fabrics'', Proceedings of the IMechE, 
Part L: Journal of Materials: Design and Applications, 216 (L4), 2002, 
pp 211-218 
32. Ghassemieh, E., Versteeg, H.K. and Acar, M., “Effect of Nozzle 
Geometry on the Flow Characteristics of Hydroentangling Jets”, Textile 
Research Journal, 73 (5), 2003, pp 444-450 
33. Ghassemieh, E., Versteeg, H.K. and Acar, M., The Effect of Nozzle 
Geometry on the Flow Characteristics of Small Water jets, Proceedings 
of the IMechE Part E: Journal of Process Mechanical Engineering, 220 
(12), pp 1739-1753, 2006 
34. Acar, M. and Harper, J.F., ''Textile Composites from Hydro-entangled 
Non-woven Fabrics'', International Journal of Computers and 
Structures, 76, 2000, pp 105-114 
35. Vaidya, N., Pourdeyhimi, B., Shiffler D. and Acar, M., “The 
Manufacturing of Wet-laid Hydroentangled Glass Hybrid Composites: 
Preliminary Results”, International Nonwovens Journal, 12 (4), 2003, 
pp 55-59 
36. Hossain, M., Acar, M. and Malalasekera, W., A Mathematical Model for 
Airflow and Heat Transfer in Fibrous Webs, Proceedings of the IMechE, 
Part E: Journal of Process Mechanical Engineering, 219 (4), 2005, pp 
357-366 
37. Hossain, M., Acar, M. and Malalasekera, W., Computational Analysis 
of Fibre Bonding in the Through-Air Process, Proceedings of the 
IMechE, Part E: Journal of Process Mechanical Engineering, 221, No. 
E2, 2007, pp. 69-75 
Other textile processes 
38. Acar, M., Dudeney, W.L., Jones, J., Jackson, M. R. and Malalasekera, 
W, Laser Fusion to Impart Cohesion to Textured Filament Yarns, 
Journal of Industrial Textiles, 34 (3), 2005, pp 181-193 
39. Ülkü, S., Acar, M., King, T.G. and Özipek, B., ''Fibre Alignment and 
Straightening in Opening for OE Spinning'', Textile Research Journal, 
63 (6), 1993, pp 309-312 
40. Ülkü, S., Özipek, B. and Acar, M., ''Effects of Opening Roller Speed on 
the Fiber and Yarn Properties in Open-End Friction Spinning'', Textile 
Research Journal, 65 (10), 1995, pp 557-563 
41. Acar, M., Mermelstein, S.P. and Jackson, M.R., ''Design and 
Development of a Mechatronic Circular Warp Knitting Machine'', 
Mechatronics 2002, The 8th Mechatronics Forum International 
Conference, University of Twente, Enschede, the Netherlands, 24-26 
June 2002, 12 pp.  
42. Mermelstein, S.P., Hale, D., Acar, M., Jackson, M.R. and Roberts, K., 
“Patterning Servo-mechanism for a Circular Warp Knitting Machine'', 
Mechatronics Journal, 11 (6), 2001, pp 617-630 
43. Mermelstein, S.P. and Acar, M., Modelling the Pattern Creation 
Process for the Optimum Design of a Circular Warp Knitting Machine 
Using a Conical Needle-bed, J of the Textile Institute, 98 (5), 2007, pp 
397-407 
 
AIMS AND ACHIEVEMENTS OF THE WORK 
The case presented here is based on my research spanning over 25 years 
focusing on applications of science and engineering principles to develop 
fundamental understanding of various industrially relevant textile 
processes and systems and searching for solutions to the associated 
problems. The core of these research activities include the applications of 
high-speed air jets to continuous filament yarn texturing and textured yarn 
intermingling, high-pressure water jets to fibrous web entanglement and 
hot-air flow through fibrous webs to bond fibres to form nonwoven fabrics. 
This submission also includes a number of other publications on the 
assessment of yarn characteristics by the application of digital image 
analysis, use of high-speed air flow for fibre straightening and 
transportation in friction spinning, and circular warp knitting machine 
design.  
All but one of the 43 publications presented in this submission are refereed 
journal papers. Numerous other refereed conference publications have not 
been included in this submission. The papers submitted represent research 
projects which were pioneering in their field and often inspired other 
researchers and set the research agenda in their respective fields. 
The papers submitted are grouped in four sections; which are presented 
primarily in chronological order: 
1. Air-jet texturing and air-intermingling  
2. Yarn characterization using digital imaging 
3. Water jet and through-air bonding processes 
4. Other textile processes 
A summary of the significance and achievements of the research activities 
and publications are presented in each of these four sections preceding the 
summary of the papers. 
 
1. Air-jet Texturing and air-intermingling 
Air-jet texturing is a versatile process of producing a range of synthetic 
yarns with a spun-like appearance, which are widely used for apparel and 
furnishing fabrics and industrial textiles.  
The air-jet texturing process produces spun-like yarns by modifying the 
uniform arrangement of the synthetic continuous multi-filament yarns and 
entangling them using a supersonic air stream delivered by a texturing 
nozzle designed for this purpose. The filament yarn is passed through a 
wetting unit and overfed into the texturing nozzle, ie the speed of feed 
rollers is higher than that of the take-up rollers. Wetting the filament yarn 
results in superior yarn quality.  Wet textured yarn have higher number of 
smaller, more stable, loops which are more securely anchored into the 
yarn core which itself is more compact and uniform.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The compressed air supplied to the nozzle at an oblique angle splits into 
two flows in the main channel of nozzle. A supersonic flow is created in the 
forward direction (primary flow) owing to the orientation of the 
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compressed air supply with respect to the main channel.  A small fraction 
of the air flows backwards in the secondary flow direction. The combined 
effect of high speed air flow and wetting entangles the overfed filament 
yarns to form textured yarns with surface loops anchored in the core of 
the yarn. 
Early research in air-jet texturing in 1960s and 70s resulted in the 
completion of a number of PhD theses (Wray, 1965; Şen, 1970; and 
Sivakumar, 1975) and an MSc thesis (Entwistle, 1966). In late 1970s and 
early 80s, the air-jet texturing process continued to grow in industry but 
still lacked the fundamental understanding of the process and its 
mechanism. My journey into air-jet texturing research began with my own 
PhD (Acar, 1984) and continued with the subsequent post-doctoral 
research investigating the air-jet texturing process in detail. These were 
followed by two further PhDs (Demir, 1987 and Bilgin, 1994) and 
postdoctoral research (Demir) that I supervised.  
In my own PhD and postdoctoral research and in the subsequent PhD 
theses and postdoctoral research that I directed as the principal 
supervisor, I theoretically and experimentally investigated the supersonic 
air flow, its interaction with the filament yarn, the effect of wetting the 
filament yarn on the process, the effect of process parameters on the 
properties of the textured yarn and established a clear understanding of 
the mechanism of the loop and entanglement formation by texturing jets. 
Methods such as mathematical modelling, experimental measurement of 
air flow profiles and flow visualisation, high-speed filming, on-line process 
monitoring and evaluation of the textured yarn properties were used. 
Improvements to the process were suggested and more efficient and cost 
effective nozzles were designed and evaluated.  
My research into air-jet texturing and air-intermingling helped me 
establish a world leading expertise and recognition in this field, which led 
to an invitation in 1989 to jointly deliver with Professor GR Wray, FRS, 
FEng, the 76th Thomas Hawskley Memorial lecture of the Institution of 
Mechanical Engineers at their Headquarters in London. I was also invited 
as the lead speaker to a series of three successive air-jet texturing 
conferences at Clemson University, SC (1987-89). The air-jet texturing 
international conferences which I organised at Loughborough in 1987 and 
1989 were major events at the time that offered a unique platform to both 
researchers and industrialists active in the field for exchange of knowledge 
and views. 
In addition to my research at Loughborough, the 1980s had witnessed a 
concentration of contemporaneous research into the process of air-jet 
texturing.  These included the research of Bock (1981) Bock and 
Lünenschloss (1981, 1982, 1984) at RWTH Aachen University, Germany; 
Kollu (1982, 1985) at UMIST, Manchester; Gülal (1983) at Leeds 
University and Artunç (1979, 1981) at Reutlingen, Germany. Wilson 
(1977) and Wilson and Kollu (1987) published two successive editions of 
the “Textile Progress” dedicated to textured yarns by methods other than 
false-twist texturing, including the air-jet texturing process. 
Bock and Lünenschloss notably investigated the air flow from the de Laval 
type air-jet texturing nozzles and their interaction with the filament yarn.  
Their explanation of the loop formation process was based on the shock 
waves in the jet forming a ‘pressure barrier’, which in turn cause 
‘retardation’ of the filaments, causing them bend and form into loops. This 
claim was similar to that of an earlier claim by Sivakumar (1975). 
However our research at Loughborough, reported here in detail, showed 
that this hypothesis was inaccurate since the shock waves could vary in 
strength depending on the design of nozzles; are insignificantly affected 
by wetting the filaments; and the fluid forces acting on the filaments and 
friction play a more prominent role in the texturing mechanism. 
My research in air-jet texturing also inspired researchers at the Indian 
Institute of Technology, Delhi to conduct research in this field. Sengupta 
et al (1990) and Kothari et al (1991a & 1991b) are three examples of 
publications from the IIT, Delhi. Moreover, in the late 1990s, I introduced 
the air-jet texturing research to the College of Textiles at North Carolina 
State University where I was a visiting scholar for a year. I advised a 
masters research which was followed by a PhD (Dani, 2004) in 
collaboration with the NC State colleagues. A recent paper [23] based on 
this collaborative work between Loughborough and NC State offered new 
evidence for explaining the effect of friction and wetting on the air-jet 
texturing process. Currently I am also acting as an external expert advisor 
for an air-jet texturing research at Uludağ University, Bursa, Turkey 
funded by the Turkish Scientific and Technical Research Council and a local 
company (Höckenberger et al, 2006). 
Intermingling (interlacing) of false-twist textured filament yarn is an on-
line process which successfully replaced the off-line techniques of 
imparting cohesion to the textured yarn. It uses an intermingling nozzle, 
the design of which varies considerably, positioned on the path of the yarn 
that has just been textured. The basic design of an intermingling nozzle is 
shown in Figure 2. A steady air flow supplied to the nozzle creates 
intermittent, knot-like, entangled nodes in the yarn (commonly referred to 
as 'nips' or ‘tacks’). 
 
  
 
 
 
 
 
 
 
 
At the time, the intermingling process attracted less research resources 
than the air-jet texturing process.  Notably, Weinsdörfer and Wolfrum 
(1983) of Reutlingen Textile Institute investigated the mechanism of 
intermingling by photographic means and analysed the characteristics of 
the yarns produced. Jian et al (1985) also used photography to investigate 
the behaviour of the yarn and observed the tracks created by the 
filaments on the coated nozzle surface.  Iemoto et al (1989) used a high-
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Schematic illustration of the intermingling process  
speed camera to record and analyse the position of the yarn during the 
process. All these investigations offered conflicting explanations of the 
intermingling mechanism.   
The knowledge and expertise that I gained from the air-jet texturing 
process led to a grant from EPSRC in conjunction with a local company 
(Rieter-Scragg) for the investigation of the high-speed air-jets applied to 
the intermingling of draw textured (false-twist textured) yarns. The 
methods used in investigating the air-jet texturing process were generally 
applicable to the air intermingling process, because high-speed air-jets, 
although of different characteristics, were used in both processes to 
impart entanglement to the filaments. This research led to a better 
understanding of the intermingling process which in turn led to more 
efficient intermingling nozzle designs which were easy to manufacture and 
maintain. 
The following section contains the summary of the selected papers relating 
to air-jet texturing and intermingling processes. 
 
Summaries of Papers 
1. Acar, M., Alexander, A.J., Turton, R.K. and Wray, G.R., ''Loop 
formation mechanism in the air-jet texturing process'', Int. Textile 
Bulletin/Yarn Forming, Part 3, 1983, pp 49-62 
This was the first journal paper that I published on the air-jet texturing 
process which offered an alternative explanation of the texturing process, 
ie, the loop formation mechanism based on the initial findings of my PhD 
research at Loughborough. This was based on the experimental 
investigation of the air flow and its interaction with the filament yarn using 
high-speed photography and their analysis. It claimed that the explanation 
of the loop formation based on the supersonic, turbulent air flow 
entangling the filaments was generic and could apply to any design of 
texturing nozzle. Researchers elsewhere (Bock, 1981; Bock and 
Lünenschloss, 1981, 1982 & 1984) were in the opinion that the loop 
formation resulted from the retardation of filaments by shock waves.  This 
explanation had very little supporting evidence and was found to be 
unconvincing, because the fluid forces acting on the filaments at the highly 
turbulent, supersonic speeds were orders of magnitude higher than the 
forces caused by the pressure differences offered by the shock waves.  I 
wrote this paper under guidance from my supervisors. 
2. Acar, M. and Wray, G.R., ''An analysis of the air-jet yarn texturing 
process Part I: Brief history of developments in the process'', Journal 
of the Textile Institute, 77 (1), 1986, pp 19-27 
This paper is the first of the seven publications in a series of papers 
published in the Journal of the Textile Institute in 1986, all originating 
from my PhD thesis.  It gives a brief historical development of the air-jet 
texturing nozzles and the processes from Czechoslovakia, USA and 
Switzerland. It includes a comprehensive critical review of the previous 
investigations that had been directed to the understanding of the process, 
including the PhD work of G.R. Wray (1965), H. Şen (1970), V.R. 
Sivakumar (1975) and T. Kollu (1982). It also reviews the then concurrent 
work of Bock (1981), and Bock and Lünenschloss (1981, 1984) of RWTH 
Aachen University, Germany, on the mechanism of air-jet texturing. This 
paper sets the scene of the air-jet texturing research. I wrote this paper 
which originated from my PhD thesis. 
3. Acar, M. and Wray, G.R., ''An analysis of the air-jet yarn texturing 
process Part II: An experimental investigation of the air flow'', 
Journal of the Textile Institute, 77 (1), 1986, pp 28-43  
This paper focused on experimental investigation of the air-flow using a 
dynamically similar scaled-up model of an industrial texturing nozzle. This 
research established that the air flow as it emerged from the nozzle was 
supersonic, turbulent and of a non-uniform profile. It also demonstrated 
that the uniform velocity profile distribution observed at the exit of the 
cylindrical nozzle became non-uniform with a central depression when the 
nozzle exit was modified to a bell shaped divergence. Flow visualisation 
with the actual size texturing nozzles showed that shock waves were at 
least partially destroyed by the filament yarn, hence providing evidence 
that challenged the previously postulated mechanisms of loop formation 
based on shock waves. I wrote this paper which originated from my PhD 
thesis. 
4. Acar, M., Turton, R.K. and Wray, G.R., ''An analysis of the air-jet yarn 
texturing process Part III: Filament behaviour during texturing'', 
Journal of the Textile Institute, 77 (4), 1986, pp 235-246  
Part 3 gave an account of the filament behaviour during the texturing 
process.  This involved the use of high-speed still and cine photography, 
the estimation of the yarn speed on emergence from the nozzle and yarn 
tension measurements at various stages of the process. It was shown that 
the yarn could travel, despite the friction in the system, at a speed about 
an order of magnitude higher than the yarn texturing throughput speed, 
and did not appear to be impaired by the shock waves.  Quantitative 
analysis of the still photography confirmed the previous visual 
observations that the filaments were kept close to the nozzle exit when 
wet textured.  Pulsation of the filaments during dry texturing was also 
captured by the high-speed cine-photography and quantitatively 
demonstrated. Investigation of the yarn tension during the process 
showed that wetting the filament yarn before it entered the nozzle 
reduced the friction which in turn resulted in higher fluid forces acting on 
the filaments, which consequently produced more stable yarns.  In 
conclusion, high-speed still and cine photography confirmed that wet 
texturing resulted in a more stable process when compared with the dry 
filaments. I wrote this paper which originated from my PhD thesis. 
5. Acar, M., Turton, R.K. and Wray, G.R., ''An analysis of the air-jet yarn 
texturing process Part IV: Fluid forces acting on the filaments and the 
effects of filament cross-section area and shape'', Journal of the 
Textile Institute, 77 (4), 1986, pp 247-254 
Part 4 reports a theoretical investigation of the fluid forces acting on the 
filaments and the effect of the filament cross-sectional shape on the drag 
forces and bending stiffness. Whilst the friction drag is a function of the 
surface area of the filaments, the pressure drag, which is the dominant 
force in air-jet texturing, is a function of the projected area of the 
filaments.  Hence it was concluded that filaments with elliptical cross-
section would bend about their major diameter which possess a lower 
bending stiffness and hence be subjected to higher pressure drag forces 
due to their higher projected area when compared to a circular cross-
section. Increased drag forces should aid the loop formation process. It 
was shown that, similarly, a hollow fibre of the same linear density as a 
solid fibre would have higher fluid forces acting on it hence could be more 
suitable for air-jet texturing. This paper also analysed how the pressure 
drag force varies depending on the position of the filaments inside the 
nozzle. I wrote this paper which originated from my PhD thesis. 
6. Acar, M., Turton, R.K. and Wray, G.R., ''An analysis of the air-jet yarn 
texturing process Part V: The effect of wetting the yarns'', Journal of 
the Textile Institute, 77 (6), 1986, pp 359-370 
In practice, the filament yarns used in the air-jet texturing process are 
normally passed through a water bath, jet or spray before they are fed 
into the texturing nozzle.  This paper was the first to investigate in detail 
the effect of wetting the filament yarn on the air-jet texturing process. 
First it was shown by using the gas-particle mixture theory that the water 
mixing into the air flow had a negligible effect on the air velocity. This 
proved that the previous hypotheses by Fisher (1979) that filament 
wetting could significantly alter the air flow increasing the strength of so-
called ‘condensation shocks’, hence resulting in an improved texturing 
process were inaccurate. Then, it was experimentally shown that the 
actual amount of water that mixes into the air flow is an insignificant 
proportion of the amount of water used in the process.  In addition, it was 
shown that the actual amount of water required to impart the desirable 
effect of wetting is actually a fraction of the total amount of water used.  
This paper also experimentally demonstrated that wetting reduces the 
friction between the filament yarn and contacting surfaces as well as the 
interfilament friction, which causes the forces acting on the filaments to 
increase, hence resulting in better loop formation. It was also 
demonstrated that the friction can be further reduced for the benefit of the 
process by re-aligning the yarn path hence minimising the yarn contact 
and sharp turns. I wrote this paper which originated from my PhD thesis. 
7. Acar, M., Turton, R.K. and Wray, G.R., ''An analysis of the air-jet yarn 
texturing process Part VI: The mechanism of loop formation'', Journal 
of the Textile Institute, 77 (6), 1986, pp 371-376 
In papers [3-6] a detailed account of the experimental and theoretical 
investigation of the air flow, the filament behaviour during texturing, the 
fluid forces acting on the filament yarn, the effect of filament properties, 
wetting and friction on the process were given. Based on the findings, this 
paper postulates a mechanism of loop and entanglement formation, the 
essence of the air-jet texturing process. According to this, the ‘leading 
ends’ of the filaments are anchored within the core of the textured yarn 
travelling with it in the direction perpendicular to the jet axis.  Whereas, 
the ‘trailing ends’ of the overfed filaments are free to be blown out of the 
jet at a very high-speed, an order of magnitude higher than the yarn 
speed, by the supersonic air flow. Due to the speed differential and 
overfeed, the filaments emerging from the nozzle are therefore forcibly 
bent into arcs and bows by the drag force brought on by the air jet.  These 
are then entangled with other emerging filaments going through a similar 
process, which are finally formed into loops firmly fixed into the core of 
the textured yarn. Turbulence and non-uniform velocity profile assist the 
filaments to migrate and continually change their position inside the 
nozzle which are beneficial to the entanglement and loop formation 
processes. This mechanism was claimed to be valid for any texturing 
nozzle design because the underlying requirements for a high-speed 
supersonic, turbulent and non-uniform air flow are common to all known 
air-jet texturing nozzles.   
The effects of the air pressure, the yarn overfeed and the texturing speed 
on the loop formation were analysed by considering a single filament in 
the texturing nozzle. The jet velocity and turbulence increases with the air 
pressure which in turn causes more effective texturing.  Increasing the 
overfeed causes an increase in the loop size and frequency, since longer 
lengths of filaments become available in given time. Increasing the 
texturing speed causes the filaments to be subjected to air-flow for a 
shorter period of time, resulting in an inferior loop formation. I wrote this 
paper which originated from my PhD thesis. 
8. Acar, M. and Wray, G.R., ''An analysis of the air-jet yarn texturing 
process Part VII: The effects of process parameters on yarn 
properties'', Journal of the Textile Institute, 77 (6), 1986, pp 377-385  
The effect of the processing parameters on the resultant properties of the 
textured yarn was experimentally investigated in this paper. The process 
parameters included the type of the jet, air pressure, texturing speed, the 
yarn overfeed, and the impact element as well as the dry and wet 
processing.  The same supply yarn was used in all experiments. The 
results of the yarn tests agreed well with the predictions of the postulated 
loop formation mechanism. Breaking elongation and tenacity, linear 
density increase and the instability of the textured yarns were measured. 
It was concluded that, although the test results give an indication of the 
textured yarn parameters considered, they offer a limited assessment of 
the suitability of the yarn for a particular end use. This requires objective 
and accurate measurement of the loop size, loop frequency, physical bulk, 
yarn core diameter and evenness.  Techniques developed to measure such 
parameters are reported in the section “Yarn Characterisation”, papers 
(23-29). I wrote this paper which originated from my PhD thesis. 
9. Acar, M., Turton, R.K. and Wray, G.R., ''Air flow in yarn texturing 
nozzles'', Transactions of ASME Journal of Engineering for Industry, 
109 (3), 3rd August 1987, pp 197-202 
The well established theory of compressible flow is applicable to the 
texturing nozzles of the converging-diverging (De Laval) type. On the 
other hand, no known model was found that governs the flow in the 
texturing nozzles with a cylindrically main channel and oblique (typically 
45o) air inlets.  This paper reports a mathematical model of the air flow in 
this particular type of air-jet texturing nozzles used in industry.  
The model consists of three stages: (i) the theory of ‘compressible’ flow 
applied to the incoming oblique jets, (ii) the theory of ‘incompressible’ 
mixing when the incoming jets collide and mix together in the main 
channel as they emerge from the oblique inlets, and (iii) the theory of 
abrupt expansion of ‘compressible’ flow to the physical boundaries of the 
main nozzle channel when the mixed flow splits into primary and 
secondary streams. These three sequential parts collectively provided a 
model that represents the complex air flow in these nozzles. The 
predictions of the model were verified by air velocity measurements with 
the single, double and triple inlet hole experimental nozzles.  The 
agreement between the model predictions and the experimental results 
was very good, also confirming that the flow at the exit plane of the nozzle 
is supersonic. Flow measurements with the industrial texturing nozzle 
were also in good agreement with the model when the non-uniform 
velocity profile of the jet due to the bell-shaped diverging exit of the 
nozzle was converted to uniform profile as assumed by the model.  This 
verified model provides a sound understanding of the flow in such nozzles 
and promises to be a useful tool for the design and development of such 
nozzles. I wrote this paper which originated from my PhD thesis. 
10. Acar, M., ''Factors governing the choice of feeder yarns suitable for 
air-jet texturing'', Chemiefasern/Textilindustrie, 38/90 (4), April 
1988, pp 322-326 & E35-E37 
In the eighties, a contemporary research on the air-jet texturing process 
was being conducted at RWTH Aachen University in Germany. I therefore 
felt that publishing our research findings in German journals would gain 
recognition for our research in the German speaking world.  This paper 
gives an account of the characteristics of the continuous filament supply 
yarns which make them more suitable for the air-jet texturing process. 
Among the characteristics considered were the number of filaments, 
filament fineness and cross-sectional shape. Their effect on the drag force 
and filament bending stiffness were analysed. Other factors affecting the 
fluid forces acting on the filaments such as the position of the filaments in 
the nozzle, the interfilament friction and the friction between the filament 
yarn and the contacting surfaces, and the role of spin finish were also 
investigated. Finer filaments with cross-sections offering less resistance to 
bending were found to be more suitable for the air-jet texturing process. 
It was discovered that there was an optimum number of filaments for a 
given filament fineness and the nozzle type. The removal of the spin finish 
from the surface of the filaments by the applied water and high-speed air 
flow enhanced the loop formation process. I wrote this paper which was 
based on my PhD thesis work. 
11. Demir, A., Acar, M. and Wray, G.R., ''Air-jet textured yarns: The 
effects of process and supply yarn parameters on the properties of 
textured yarns'', Textile Research Journal, 58 (6), 1988, pp 318-328  
The research reported in [8] into the effects of the process parameters 
and the supply yarn properties on the textured yarn properties was 
extended with the PhD research of Demir (1987) under my supervision.  
Such parameters had an effect on the final yarn properties such as the 
yarn strength, structural stability (or instability) and the resultant linear 
density.  The effect of process parameters such as the air pressure, the 
texturing speed, the overfeed, the stabilising extension, wet/dry 
processing and nozzle type as well as the yarn parameters such as 
material, filament linear density and the number of filaments were 
investigated in detail. It was shown that the optimisation of a chosen yarn 
property almost always affects other yarn characteristics, hence careful 
trade offs are essential in the process design.  It was shown that the 
overfeed has the greatest effect on the instability of the yarn since the 
length of filaments available for loop formation increases with the 
overfeed, increasing the size and the number of loops, in turn reducing the 
structural integrity of the yarn produced. It was shown that higher air 
pressures and slower yarn throughput speeds as well as using water to 
wet the filaments all increased the linear density and stability of the 
textured yarns produced. PhD student (Demir) and I wrote this paper.  
12. Demir, A., Acar, M. and Turton, R.K., ''Grundsätzliches zur 
Lufströmung in Texturierdüsen (A basic understanding of the air flow 
in texturing nozzles)'', Melliand Textilberichte, 69 (4), April 1988, pp 
233-241&E126-E129 
This publication in the German publication Melliand Textilberichte 
examined the air flow inside and outside the texturing nozzle using flow 
visualisation and measurements techniques. The air flow is choked in the 
throat of the incoming air inlet holes and then abruptly expands into the 
circular main nozzle chamber.  The oblique opening of the inlet hole 
causes the incoming jet to deflect slightly towards the normal to the exit 
plane. The flow in the main channel largely flows in the forward direction 
(primary flow) with a smaller backward (secondary) flow.  Primary flow 
was observed to be supersonic and turbulent. Shock waves were observed 
by flow visualisation techniques. Velocity profiles were non-uniform.  The 
type (design) of the texturing nozzle was observed to have a significant 
effect on the strength of the shock waves in the air flow undisturbed by 
the filaments. Shock waves were also shown to be partially destroyed by 
the existence of the filament yarn in the air flow. These observations led 
to the conclusion that the shock waves played no significant role in the 
loop formation mechanism in the air-jet texturing process. PhD student 
(Demir) and I wrote this paper. 
13. Acar, M., ''Use of air jets in yarn texturing processes'', International 
Fiber Journal, 4 (1), February 1989, pp 53-73 
This was an invited paper by the International Fiber Journal published in 
the USA, which reviewed the use of air jets in the yarn texturing and 
intermingling processes.  First it gave a review of the process of the air 
intermingling of the textured yarns and offered a comprehensive 
classification of the intermingling nozzles. Then it reviewed the hot fluid 
(BCF – bulked continuous filament) texturing of heavy denier continuous 
filament yarns. Finally it offered a detailed review of the principles of the 
air-jet texturing process, its development, the evolution of the nozzle 
types, as well as a detailed review of the findings of the air-jet texturing 
research at Loughborough. These included the role of wetting the filament 
yarn. This reduced the friction in the process which caused the fluid forces 
acting on the filament yarn to increase, resulting in a superior texturing 
effect as indicated by a significant increase in the stabilising tension. This 
paper also reported that a substantial amount of spin finish is removed 
from the yarn. This occurs at varying levels depending on the type of spin 
finish, whereas dry texturing did not have any significant effect on the 
spin finish level. The effect of adding wetting agents and the water 
temperature was also reported. A yarn path, realigned to further reduce 
the friction was shown to be advantageous to the texturing process. It 
included a section discussing the factors which makes the supply yarn 
more suitable for the air-jet texturing process, such as the filament 
fineness, cross sectional shape and number of filaments. It concluded with 
a review of the application of air-jet textured yarns. I wrote this paper. 
14. Acar, M. and Demir, A., ''The mechanism of yarn wetting'', Man-Made 
Fiber Year Book, 1989, pp 89-90 (Also published in: 
Chemiefasern/Textilindustrie, 39/91 (4), April 1989, pp 356-
366&E43-E45) 
This paper was published in Chemiefasern/Textilindustrie in German and 
then reprinted in Man-Made Fiber Year Book in English.  It gives a detailed 
account of the effect of yarn wetting, expanding on the research reported 
in [6] with new experimental findings and theoretical analysis.  Further 
experimental study showed that, although in practice typically 2 litres/hr 
of water is used to wet the filaments, a water application of as little as 
0.06 litres/hr was sufficient to impart the desirable effect of wetting to the 
process. This then led to the computation of the effect of water using the 
two phase flow theory of gas-particle mixture with such small amounts of 
water mixing into the air. The results showed that the water made less 
than 1% difference on the air velocity, hence having a negligible effect on 
the dynamics of the flow.  Shadowgraphs of the air jets with air only and 
with water mixing into the air at the rate of 0.06 litre/hr showed no visible 
difference in the shock wave patterns at all. This was a further proof that 
shock waves were not affected by the water mixing in to the air flow.  
Experiments with a rough yarn guide surfaces demonstrated that wetting 
the yarn significantly reduced the friction between the yarn and the yarn 
guides, enhancing the earlier findings that wetting reduces the friction 
during the process.  It was also shown that adding wetting agents to the 
water could reduce the friction further, whereas water temperature had a 
less significant affect on the friction. I wrote this paper with assistance 
from the postdoctoral research assistant (Demir). 
15. Demir, A., Acar, M. and Turton, R.K., ''Air flow in nozzles'', Textile 
Asia, 11 (8), 1990, pp 77-80, 89-93 
This paper gives a detailed analysis of the air flow in a number of air-
intermingling nozzles and air-jet texturing nozzles.  Methods used were 
flow visualisation by laser shadowgraphy, the velocity mapping of the flow 
and mass flow measurements. Incoming air flow, which is choked in the 
inlet orifices in all texturing and intermingling nozzles, showed shock 
waves as they emerged, a proof of expansion to create a supersonic flow. 
Incoming jet with a 45o oblique opening demonstrated deflection of the 
flow towards the normal by about 6o. A scaled up nozzle with a 
rectangular cross-section but maintaining all other features of the circular 
cross-sectioned industrial texturing nozzle was used with transparent, 
opposing parallel walls to visualise the flow inside the nozzle.  
Shadowgraphs of the flow in the main channel showed that shock waves 
were formed by the incoming jet when it expands into the main channel.  
Velocity measurements at the exit plane of the air jets as it emerges from 
the nozzles mapped out the flow distribution. Velocity profiles were mostly 
governed by the cross-sectional shape and length of the flow channel. 
Such experimental work provided detailed knowledge of the characteristics 
of the air flow inside and outside the texturing and intermingling nozzles. 
Postdoctoral researcher (Demir) and I wrote this paper. 
16. Wray, G.R. and Acar, M., ''Supersonic jet texturing of yarns (76th 
Thomas Hawksley Lecture)'', Proceedings of the IMechE, Part B: 
Journal of Engineering Manufacture, 204, 1990, pp 71-89 
This paper was based on the Institution of Mechanical Engineers’ 
prestigious, Thomas Hawksley Lecture that Professor Gordon Wray, FRS, 
FEng and I were jointly invited to present at the IMechE in London. This 
invitation was in recognition of the two authors’ considerable 
advancements of knowledge of the application of air jets for synthetic yarn 
processing, in particular the air-jet texturing process. The first half of the 
paper reviews the yarn texturing process and the need for it, including the 
false-twist texturing process, the air-intermingling process, the hot fluid 
texturing process for heavy denier yarns and finally the air-jet texturing 
process. Professor Wray wrote this review section and delivered it in the 
lecture.  The second half of the lecture and paper was devoted to a 
detailed account of the recent research into air-jet texturing process.  This 
section reviewed the theoretical and experimental studies of the texturing 
nozzles, the fluid forces acting on the filaments, the effect of yarn wetting 
on the process, the loop and entanglement formation mechanism, as well 
as the mathematical modelling of the air flow in cylindrical type nozzles.  I 
wrote the air-jet texturing research section of the paper that I also 
delivered in the lecture. 
17. Versteeg, H.K., Bilgin, S. and Acar, M., ''Effects of Geometry on the 
Flow Characteristics and the Texturing Performance of Air-jet 
Texturing Nozzles'', Textile Research Journal, 64 (4), 1994, pp 240-
246 
The role played by the texturing nozzle geometry on the texturing process 
was not fully understood prior to this research.  This paper compared the 
air flow characteristics and texturing data for nine nozzles, including three 
of our own design, to understand the effect of the nozzle geometry.  Air 
jets, as they emerged from the texturing nozzles demonstrated typical 
characteristics of under-expanded jets for all nine nozzles tested. Neither 
the nozzle exit velocity nor shock wave strength at the exit region of the 
nozzle correlated with the texturing effectiveness.  Whilst some nozzles 
with weaker shock waves produced good texturing, other nozzles with 
stronger shock waves yielded poorly textured yarns, supporting our earlier 
claim that the presence of the shock waves in the exit region is not 
essential for good texturing. Tension in the stabilising zone emerged as 
the only parameter that had some correlation with the texturing 
effectiveness as the strength of all textured yarns was broadly the same, 
as was their increase in linear density. The results of the experiments 
highlighted the fact that the previously proposed mechanism of air-jet 
texturing falls short of explaining the subtle effects due to nozzle 
geometry, concluding that the nozzle geometry is not a critical factor that 
affects texturing. It was concluded that, for good texturing, the essential 
requirement for air-jet-texturing nozzles of any design is to produce a 
turbulent, supersonic flow with non-uniform velocity distributions. My 
colleague Versteeg and I wrote this paper, based on the work of the PhD 
student, Bilgin. 
18. Bilgin, S., Versteeg, H.K. and Acar, M., ''Effect of Nozzle Geometry on 
Air-Jet Texturing Performance'', Textile Research Journal, 66 (2), 
February 1996, pp 83-90 
Following the findings of the research reported in paper [17], a systematic 
study of the effect of a number of geometric parameters of a particular 
type of air-jet texturing nozzle on the texturing performance was 
conducted.  This paper reports an investigation of the length of the 
primary flow channel which has the greatest effect on the texturing 
process, as well as other design factors such as the inlet-flow angle and 
primary flow divergence. A nozzle design with a rectangular cross-section 
instead of a circular section was used which made the design simpler and 
the manufacture of the nozzles easier. The texturing performance of the 
nozzles were assessed by on-line measurement of the stabilising tension, 
which was shown to be the only parameters that correlates well to the 
effectiveness of the texturing performance [17], together with the 
increase in the yarn linear density and finally by means of process 
observations and visual inspection of yarns.  Texture quality was assessed 
from scanning electron microscopy images of the yarns.  Furthermore, 
instability, elongation at break and tenacity of the yarns were also 
measured.  Fourteen different nozzles were investigated.  Generally, the 
effectiveness of the nozzle increased with the increasing primary flow 
length with the exception of very short lengths, which resulted in 
insufficient texturing.  There was a good correlation between the linear 
density of the textured yarns and the yarn tension in the stabilising zone 
which enhanced the earlier findings that the online measurement of the 
stabilising tension was a good measure of the texturing effectiveness. It 
was also shown that the texturing process deteriorated with the increasing 
angle between the axes of air inlet holes and the main yarn channel.  
Eliminating the bell-shaped diverging exit and adding a second incoming 
jet opposite to the first one, both had an adverse effect on the process.  
On the other hand a small 1o half-cone divergence angle on the primary 
flow side appreciably improved the process.  This research provided 
valuable insight into the effect of nozzle geometry on the effectiveness of 
the texturing process to aid the nozzle manufacturers. My colleague 
Versteeg and I wrote this paper, based on the work of the PhD student 
(Bilgin) that I advised as the principal supervisor. 
19. Versteeg, H.K., Acar, M. and Bilgin, S., ''Effect of geometry on the 
performance of intermingling nozzles'', Textile Research Journal, 69 
(8), 1999, pp 545-551 
Intermingling nozzles are used in the false-twist texturing process to 
impart regular intermittent entangled nodes (nips or tacks) into the 
textured yarn to increase the integrity of the filament yarn. This paper 
reports a study on the effect of the intermingling nozzle dimensions and 
yarn path on the effectiveness of the intermingling process.  The cross-
section of the main yarn channel of the intermingling nozzles used in 
industry widely varies. A simple design of rectangular cross-section was 
selected for this investigation. It consisted of a U-shaped main channel 
covered by a plate to enclose it.  The air inlet on the covering plate 
extended across the width of the main channel.  The main channel 
dimensions were systematically varied. Investigation showed that there 
was a critical minimum channel size for satisfactory nip formation.  
Nozzles larger than this minimum size performed well with slight 
variations in their performance. The size of the air inlet channel, which 
determines the air consumption, which in turns determines the fluid power 
used, also has a minimum critical size, below which some of the nozzle 
designs failed to perform well. This research showed that the performance 
of all nozzles with dimensions larger than the critical size weakly depended 
on the size of the main channel and the air inlet.  It also demonstrated 
that the yarn path across the nozzle played a role in the process 
efficiency. The diagonal passage of the yarn through the nozzle improved 
the effectiveness of the intermingling. The fact that the performance of 
the experimental nozzles compared well with the four different industrial 
nozzles of non-rectangular design used in this investigation demonstrated 
that the intermingling nozzles do not have to be of a complicated cross-
section. Furthermore, it was demonstrated that the performance of the 
industrial nozzles can be matched and surpassed with simple designs such 
as a simple rectangular cross-section, extended air inlet hole and diagonal 
yarn path through the nozzle.  My colleague Versteeg and I wrote this 
paper, based on the work of the PhD student (Bilgin) that I directed as the 
principal supervisor. 
20. Acar, M. and Versteeg, H.K., ''Air-jet texturing and intermingling 
nozzle designs: easy to manufacture and maintain'', Chemical Fiber 
International Journal, 50, 2000, pp 502-505 
This paper published in the Chemical Fibers International Journal, intended 
for the German speaking communities, reports the findings of the nozzle 
design research for air-jet texturing and intermingling.  It demonstrated 
that the texturing and intermingling nozzle designs need not be 
complicated; a simple rectangular cross section could be as effective as 
the various other complex designs. The incoming air inlet holes both in the 
air-jet texturing nozzles and intermingling nozzles were expanded to span 
over the entire width of the nozzles, ensuring that all of the constituting 
filaments in the yarn are always subjected to the incoming air flow, thus 
significantly improving the effectives of the process. Furthermore, the two-
piece nozzles comprising a main u-shaped channel and a plate to seal it 
are much easier and economical to manufacture. Due to the spin finish 
accumulation in the air-jet texturing nozzles they require frequent 
cleaning. Open channel design makes the cleaning and maintenance 
process much more convenient.  I wrote this paper in collaboration with 
my colleague Mr Versteeg. 
21. Acar, M., Bilgin, S., Versteeg, H.K., Dani, N. and Oxenham, W., 
Mechanism of Forming and Fixing Loops in Air-jet Texturing: The Role 
of Wetting, Spin Finish and Friction, Textile Research Journal, 76 (2), 
2006, pp116-125  
This paper is the result of collaborative work between Loughborough and 
North Carolina State University, and is one product of a study leave that I 
spent at the College of Textiles at NCSU, Raleigh, NC, USA.  The work of 
the PhD student (Bilgin, 1994) that I supervised at Loughborough was 
enhanced with further research that I initiated at NC State with a masters 
student, who later continued to do a PhD degree (Dani, 2004).  I brought 
together the findings of the research projects of both institutions to write 
this paper on the role of wetting, spin finish and friction on the forming 
and fixing of loops in the air-jet texturing process.  In addition to our 
earlier published work, this paper presented the results of the 
measurements of yarn-to-yarn static and dynamic friction and spin finish 
contained on the surface of the yarn before and after texturing. A 
texturing nozzle of our own design with a rectangular cross-section, as 
reported in [18] was used in the texturing process to make yarns. A glass 
plate was used to seal the main channel this enabling the use of the high-
speed cine-photography technique to record the motion of the filaments 
inside the nozzle, which had not been achieved before.  The strength of 
the individual filaments and their diameters were measured before and 
after texturing in order to determine whether the supersonic air flow 
damages the filaments. Stabilising tension, which is a direct indication of 
the effectiveness of texturing was also measured during the texturing 
process. The quantitative analysis of the high-speed images of filaments 
inside the nozzle discovered that separation of filaments and formation of 
loops begins further inside the nozzle during wet texturing. It was also 
confirmed that the filaments remain closer to the nozzle exit in wet 
texturing.  This study showed that the friction is greater between the 
filament yarns with reduced spin finish than the friction between the un-
textured supply yarn or the dry textured yarn. 
In the light of the findings of the experiments and high-speed 
photography, the mechanism of the air-jet texturing process was 
reappraised and the effectiveness of wet texturing is explained. First, the 
lubrication effect of water mixing into the air flow induces a state of low 
friction while the yarn is travelling through the nozzle and at the 
immediate exit zone.  This increases the forces acting on the filaments and 
makes their relative motion easier and enhances the entanglement and 
loop formation processes. As the yarn leaves the influence of the air-jet 
when it turns at a right-angle to the jet axis, low friction gives way to high 
friction, since the residual moisture was blown away by the primary jet 
leaving the textured yarn virtually dry and containing only a small fraction 
of its original spin finish.  This increase in friction between the filaments 
gives rise to the cohesion and structural integrity of the filament yarn. 
Loops formed are therefore more firmly anchored into the entangled core 
of the yarns and hence resist their removal under tension. I wrote this 
paper.
2. Yarn Characterisation 
Objective and accurate measurement of the parameters that characterise 
air-jet textured yarns has always been an issue concerning the industry. 
The methods used to determine the appearance, structural and surface 
characteristics of the air-jet textured yarns were subjective, tedious and 
unreliable. These included manually counting the number of loops and 
measuring the size of each loop using a magnified image of a short piece 
of yarn specimen by a microscope or a micro-projector. A method based 
on the use of an array of photodiodes detecting the shadow of the yarn 
cast was suggested for determining the loop size and frequency.  Another 
method proposed the use of micro-densiometer to graphically approximate 
the overall diameter and the core diameter of the yarns from an image of 
the yarn recorded on a film, which was then used to determine the loop 
size of an air-jet textured yarn.  The accuracy of these techniques was 
questionable and they did not appear to be practicable; hence they did not 
gain much support from the industry. 
An offshoot of my air-jet texturing research was the development of 
objective, non-invasive and accurate assessment techniques. These 
measured the properties of air-jet textured yarns, such as the loop size 
and frequency, and the core diameter, using digital imaging and analysis. 
In parallel to the investigations into the air-jet texturing process, I 
initiated the preliminary work in this field during my postdoctoral days, 
which continued sporadically.  Recent advances in the technology and 
persistent research efforts in recent years led to the successful application 
of digital image processing and analysis techniques and development of 
algorithms for yarn characterisation. The scope of the research was 
extended to include other types of yarns, such as the air-intermingled 
yarns to measure their nip frequency and regularity and conventional spun 
yarns to investigate their hairiness, evenness and twist. Winning the 2006 
Charles E. Ives Award of the Society for Imaging Science and Technology 
Prize for a paper published in the Journal of Electronic Imaging [25] was a 
notable accolade for this research. 
This section summarises a selection of papers on the yarn characterisation 
using digital imaging techniques. 
Summaries of Papers: 
22. Acar, M., King, T.G. and Wray, G.R., ''Entwicklung objectiver 
Qualitätskriterien für Luftdüsentexturierte Garne (Air-jet textured 
yarns: Development of objective quality control criteria)'', Melliand 
Textilberichte, 68 (5), 1987, pp 315-318&E138-E140 
This paper is the first of a number of papers in this important topic of 
objective assessment of the surface properties of air-jet textured yarns, 
which later was extended to include intermingled false-twist textured 
yarns and spun yarns. The method suggested was based on the use of a 
linear CD (charged coupled device) to scan the yarn and capture a 
representative digital image of it. The proposed technique used a 
representative length of yarn, sampled and processed at high-speeds up 
to 10 m/min.  The system was simple to operate and provided results in 
graphical and numerical form.  The core diameter of the yarn could be 
determined from the acquired distribution of the high or low signals.  
Statistical analysis of the amplitude and spatial distribution of the image 
data enabled the computation of yarn mean diameter, loop size and loop 
frequency, thus the quality of the textured yarn could be rapidly 
ascertained. I wrote this paper with assistance from the co-authors. 
23. Jackson, M.R., Acar, M., Siong, L.Y. and Whitby, D.R., ''A Vision Based 
Yarn Scanning System'', Mechatronics Journal, 5 (2/3), 1995, pp 133-
146  
This paper reports the development of an image acquisition and yarn data 
analysis algorithm to allow investigation of different yarn characteristics.  
The high-speed data acquisition and processing technique demonstrated 
the potential of the system as an on-line yarn monitoring and process 
control tool.  Since the textile yarns are never of a perfectly circular cross 
section, a single image of the yarn could provide misleading data about 
the yarn diameter and uniformity.  Hence, a unique method was 
suggested to capture two orthogonal images of the yarn simultaneously, 
providing sufficient information to estimate the true image of the yarn 
cross-section.  This in turn enabled an accurate estimation of the yarn 
core diameter. The investigation showed that there was a trade off 
between the depth of field, aperture and magnification. Therefore a 
compromise between these parameters had to be reached. The mingled 
false-twist textured yarns, air-jet textured yarns and spun staple yarns 
could be analysed by the developed technique.  Mingled yarns could be 
characterised by their nip frequency whereas the air-jet textured and spun 
yarns can be characterised by their hairiness (protruding loops or fibres 
respectively). Nip frequency was determined by a one-dimensional Fourier 
Transform of the transverse distribution of the yarn image.  A simple 
hairiness index of the ratio of total image area to the yarn core area was 
used. I wrote this paper with assistance from the co-authors. 
24. Millman, M.P., Acar, M. and Jackson, M.R., ''Computer Vision for 
Textured Yarn Interlace (Nip) Measurements at High-speeds'', 
Mechatronics Journal, 11 (8), 2001, pp 1025-1038 
This paper reports a high-speed image analysis system specifically 
developed for the interlace (nip) measurement of the mingled false-twist 
textured yarns. This research advanced the technique, building upon the 
foundations of the earlier work, to a level which pushed the frontiers of 
the application of vision systems applied to yarn quality assessment.  The 
system was capable of analysing yarns at low-speed and high-resolution 
as well as at high-speed and low-resolution.  The signal processing 
algorithm developed enabled reliable nip detection as verified by the 
manual calculations of the nip frequency.  The high-speed test results 
were comparable to the low-speed results, demonstrating that the system 
was reliable at high speeds too. The algorithms written addressed the low 
frequency waviness apparent in mingled yarn diameter profiles, facilitating 
a probability test to ensure that a thin section is correctly identified as a 
nip and distinguished the fully formed nips from the partially formed ones.  
A locally applied spatial thresholding method (low pass filtering using 
differentiation to eliminate the low frequency diameter variation) and the 
diameter ratio method to determine the widest and narrowest points on 
the yarn were applied. The high-speed operation of the system was 
successfully tested at a speed of 7 m/s which is typical of textured yarn 
production speeds, proving technically the capability of the system as an 
in-process on-line inspection device. The PhD student (Millman) and I 
wrote this paper. 
25. Özkaya, Y. A., Acar, M., and Jackson, M. R., Digital Image Processing 
and Illumination Techniques for Yarn Characterization, Journal of 
Electronic Imaging, 14 (2), 2005, 13 pp – 2006 Charles E. Ives Award 
of the Society for Imaging Science and Technology. 
This paper won the 2006 Charles E. Ives Award of the Society for Imaging 
Science and Technology, for the best paper published in 2005, in the 
Journal of Electronic Imaging. It built upon the previous work and 
developed optimum illumination and image processing techniques for yarn 
characterisation.  Image processing techniques for both back-lit and dark-
field images were described. The back-lit illumination was found superior 
to the dark-field illumination in terms of depth of field tolerance and 
allowable shutter speed.  A filtering process was introduced for back-lit 
images. A two-level adoptive thresholding method was introduced that 
enabled correct classification of defocused hairs and isolated background 
pixels around the yarn core.  Core diameter and surface hair separation 
techniques in high-resolution for both back-lit illumination and dark-field 
illumination techniques were compared. The core diameter and diametric 
variation data exhibited very good correlation with the measurements 
from an industrial diametric irregularity tester and a reasonable correlation 
with the mass variation measurements.  The average elliptical diameter 
values obtained from two orthogonal views of the yarn were in perfect 
agreement with the single side image diameters. However, diametric 
variations obtained from the orthogonal views exhibited a better 
correlation with the mass variations compared to single-side diameter 
variations.  
The technique reported was shown to be very efficient in successfully 
separating the yarn core from the surface fibres. It could thus be used to 
quantify yarn diameter, diametric variations, yarn hairiness (a measure of 
the fibres protruding from the yarn core) and irregular thick and thin 
points along the yarn.  All this could also be achieved at high speeds to 
provide rapid feedback on yarn production processes or as a quality 
control tests in laboratories. PhD student (Özkaya), for whom I was the 
principal supervisor, wrote this paper under my supervision. 
26. Özkaya, Y. A., Acar M. and Jackson, M.R., Hair Density Distribution 
Profile to Evaluate Yarn Hairiness and its Application to Fabric 
Simulations, J. of the Textile Institute, 98 (6), 2007, pp 483 - 490 
The yarn core-surface loop separation technique reported in [25] enabled 
the development of the method for yarn hairiness evaluation that 
calculates the hair densities at varying distances from the yarn core. The 
method was based on integrating the number of pixels corresponding to 
hairs protruding from the yarn core. A new, more comprehensive method 
of defining yarn hairiness that takes into account both the number of hairs 
and hair length referred to as the hair density distribution profile, was 
introduced, which gave a probabilistic distribution of the hairs around the 
yarn core with high resolution.  The proposed total hairiness index 
calculated from the total number of pixels demonstrated a good 
correlation with an industrially used hairiness index. The total hairiness 
and hairiness distribution data, together with the diametric irregularity 
were used to generate a novel, realistically simulated image of the yarn 
with its measured hairiness level.  These simulated images compared 
qualitatively with the actual yarn images. A single jersey knitted fabric 
simulation algorithm was developed using the yarn images that included 
the hair distribution data and diametric irregularity.  Fabric samples 
simulated using such yarn data gave a more realistic fabric appearance. 
This technique, incorporating the yarn hairiness data, is believed to be 
superior to the existing simulation systems available in the market. PhD 
student (Özkaya), for whom I was the principal supervisor, wrote this 
paper under my supervision. 
27. Özkaya, Y.A., Acar M. and Jackson M. R., Simulation of Photo-Sensor 
Based Hairiness Measurement Using Digital Image Analysis, J. of the 
Textile Institute, 99(2), 2008, pp 93 – 100 
The textile industry is usually conservative in accepting new measurement 
techniques; hence it was thought that the new total hairiness index 
reported in [26] may not be easily accepted. It was therefore decided to 
offer the industry a familiar method of hairiness measurements using the 
digital image analysis data. This paper reports a method that mimics the 
widely used photosensor signals used in industrial hairiness 
measurements.  The effects of sensor resolution, signal threshold level 
and selection of zero reference position from the yarn core were 
investigated.  Twenty different yarn samples were used to compare the 
hairiness measurements from an industrial tester with those obtained from 
the simulated industrial hairiness tester.  There was a good correlation 
between the two sets of results.  This showed that the methods based on 
digital imaging can be used to simulate the techniques widely used in 
industry for the measurement of yarn hairiness.  The digital system, of 
course, has the further advantage of separating the yarn core and hairs to 
a very high precision.  The digital approach lends itself to the development 
of new and more accurate measurement of hairiness as explained in [26] 
for industrial applications. PhD student (Özkaya), for whom I was the 
principal supervisor, wrote this paper under my supervision. 
28. Özkaya, Y.A., Acar, M. and Jackson, M.R., Yarn twist 
measurement using digital imaging, The Journal of the Textile 
Institute, DOI: First Published on: 24 July 2008 ISSN: 1754-2340 
(electronic)  
This paper describes digital image analysis techniques developed to 
extract the twist angle of a spun yarn. Image analysis techniques in the 
spatial and frequency domain analysis and a hybrid method for the twist 
measurement of yarns were described.  The Fourier Transform (FT) 
technique was applied to yarn images in order to measure the orientation 
of the fibre on the yarn surface.  Finally a hybrid method that incorporates 
frequency domain filtering prior to spatial analysis was proposed.  The 
trials showed that spatial analysis is a fast method and can successfully 
predict the twist in the yarn but it is not the most accurate. The FT 
technique was quite sensitive to the protruding fibres obstructing the yarn 
surface, which may result in measurements having high variations. The 
hybrid method, however, involving frequency domain filtering followed by 
spatial analysis of the yarn surface was found to be superior in terms of 
accuracy. The twist values calculated using the more reliable diameter 
measurements with back-lit images together with twist angles from the 
front-lit images were found to be more accurate when compared with the 
actual values. The technique developed has the potential of industrial 
exploitation for twist measurement. PhD student (Özkaya), for whom I 
was the principal supervisor, wrote this paper under my supervision. 
3. Water-jet and thermal bonding of nonwovens 
The expertise that I accumulated from the work with the high-speed air 
jets and their interaction with the filament yarn took my research in a new 
direction: nonwoven fabric formation using very fine (100-150μm 
diameter) high-pressure (100-300 bar) water jets. The research into the 
hydroentanglement process that I initiated at Loughborough with a 
research grant from EPSRC in conjunction with a company (Courtaulds 
Engineering) expanded during my study leave at the College of Textiles at 
North Carolina State University to new areas such as hydroentangling 
glass fibres and composites. This pioneering research in hydroentangling 
inspired a number of researchers to initiate research projects funded by 
the NCRC. The following are a selection of the publications originating 
from these research projects: Tafreshi et al (2003) Beğenir at al (2004), 
Anantharamaiah et al (2006) and Anantharamaiah et al (2007). After my 
return to Loughborough, I continued to work in this field, in collaboration 
with Professor Pourdeyhimi of NC State University, by means of a research 
grant from the Nonwovens Cooperative Research Centre (NCRC) based at 
the NC State University.  
My knowledge and expertise in the application of air and water jets in 
textile processes then led my research to a different direction: thermal 
bonding of fibrous webs by passing hot-air flow through them. This is a 
common, yet little understood process. Hence the first research project 
was on modelling the fibre to fibre bond formation at the micro level, 
which was followed by modelling the whole process at macro level with 
funding from the NCRC and subsequently from a Dutch company, Colbond 
bv.  The models developed are capable of accurately simulating the bond 
formation between two fibres, predicting the effect of various process 
parameters on the bonding process, and estimating the bonding time and 
the energy consumption. They provide an essential tool for process and 
product design as well as for more efficient machine design. 
Currently I am leading a collaborative research programme into the 
modelling of the complex structure of the nonwoven fabrics produced by 
thermal bonding processes at both micro and macro levels, jointly funded 
by the NCRC and Loughborough University. This is an area where there is 
limited published work in the public domain. Micro level modelling of 
nonwoven structures that takes into account the effect of variations in the 
fibre properties, fibre orientation distribution of the web structure, and the 
discontinuities of the web structure is proving to be a very challenging 
task. 
 
Summaries of Papers: 
29. Ghassemieh, E., Acar, M. and Versteeg, H.K., ''Improvement of the 
efficiency of energy transfer in the hydroentanglement process'', 
Composite Science & Technology, 61 (12), 2001, pp 1681-1694 
Hydroentangled nonwovens are typically made by impinging a web of 
fibres by a series of closely packed, very fine (typically 100-150 μm 
diameter) water jets at high pressures (typically 100-300 bars). The 
cohesion imparted to the nonwoven fabric is due to the entanglement of 
the fibres and the friction between the fibres. Cohesion depends on the 
number of jet impingements.  The high pressure water used in the 
hydroentanglement process constitutes the major part of the cost of the 
process. Therefore, the economy of the process is highly dependent on the 
optimisation of the high pressure water consumption.  This paper analyses 
the results of extensive experimental work to give a clear understanding 
of the effect of the web and fibre properties on the critical pressure in the 
hydroentanglement process.  Different energy transfer distribution 
schemes were tested on various fabrics including PET, viscose-PET blend 
and Twaron. The relationship between the fabric strength, water jet 
pressure and hydraulic energy consumption was investigated.  A 
parameter called ‘critical pressure’ which is indicative of the energy level 
required is defined. It was observed that the strength of the fabrics 
increased up to the critical water pressure and then declined.  The critical 
pressures for different fabrics made from different fibres demonstrated 
good correlation with the constituent fibre properties. The critical pressure 
increased with the web density.  Parallel webs gave higher critical strength 
than cross-laid webs. The build-up of fabric strength reached a plateau 
when entangling continues on the same side of the web. However, the 
fabric strength showed a sharp rise when the entanglement switched to 
the opposite side of the web. Critical pressure for the second side 
processing was lower than that of the first side. Strength properties are 
affected by the specific energy consumption and energy transfer 
distribution, optimisation of which required careful specification of the 
pressure profiles.  This optimum pressure profile depends on the web and 
fibre properties. This paper originated from an EPSRC funded research 
that I led as the Principal Investigator and was written by the postdoctoral 
researcher (Dr. Ghassemieh) in collaboration with the co-investigator Mr 
Versteeg and myself. 
30. Ghassemieh, E., Acar, M. and Versteeg, H.K., ''Microstructural 
Analysis of Nonwoven Fabrics Using SEM and Image Processing, Part 
I: Development and Verification of the Methods'', Proceedings of the 
IMechE, Part L: Journal of Materials: Design and Applications, 216 
(L3), 2002, pp 199-207 
Microstructural analysis of nonwoven fabrics is essential for a better 
understanding of the process that creates the structure. This paper reports 
image analysis methods developed to investigate the microstructural 
characteristics of the nonwoven fabrics.  The techniques were first 
ascertained by testing the technique using simulated specimens with 
known properties and then applying to scanning electron microscope 
(SEM) images of the actual hydroentangled fabrics optimisation. Fast 
Fourier Transform (FFT) and Hough Transform (HT) techniques were 
applied to SEM images to determine the fibre orientation distribution.  The 
effect of the image processing parameters such as sample magnification, 
image brightness, the shape of the image frame and the image format 
were investigated and optimised. The results from the two techniques 
were in good agreement.  The HT method was more demanding in 
computational time but it had the advantage of determining the 
orientation lines directly from the results of the transform without the 
need for any further computation.  The distribution of the length of 
straight fibre segments of the fabrics was also evaluated by the HT 
method.   
A symmetric image shape, for example circular or square, and uniform 
brightness are recommended. The magnification depends on the type of 
the fabric and should be optimised before the FFT and HT analyses. The 
main criterion for the optimum magnification is that the image should be 
representative of the characteristic microstructural features of the fabric. 
The techniques developed can be applied to fibrous assemblies of high 
thickness (weight) since the SEM can provide a reasonably high depth of 
field and does not rely on passing light through the nonwoven to obtain a 
shadow of its image. This paper originated also from the research that I 
led as the Principal Investigator and was written by the postdoctoral 
researcher (Dr. Ghassemieh) in collaboration with the co-investigator Mr 
Versteeg and myself. 
31. Ghassemieh, E., Acar, M. and Versteeg, H.K., ''Microstructural 
Analysis of Nonwoven Fabrics Using SEM and Image Processing, Part 
II: Application to Hydroentangled Fabrics'', Proceedings of the 
IMechE, Part L: Journal of Materials: Design and Applications, 216 
(L4), 2002, pp 211-218 
This paper reports the application of the techniques developed in [30] to 
evaluate the microstructural changes such as the fibre orientation 
distribution and the fibre length distribution of the hydroentangled fabrics. 
The results were compared with the mechanical fabric properties such as 
strength and modulus measured using specimens from a given nonwoven 
fabric sample. It demonstrated that the techniques developed can 
conveniently be used to estimate the degree of entanglement in 
hydroentangled fabrics.  It was shown that both the FFT and HT 
techniques developed were successfully applied to assess the degree of 
entanglement of the hydroentangled fabrics. It was concluded that the 
thickness does not affect the performance of the technique hence it can be 
applied to nonwoven fabric regardless of their density. This paper 
complements the previous paper [30]. Similarly this paper was written by 
the postdoctoral researcher (Dr. Ghassemieh) in collaboration with the co-
investigator Mr Versteeg and myself. 
32. Ghassemieh, E., Versteeg, H.K. and Acar, M., “Effect of Nozzle 
Geometry on the Flow Characteristics of Hydroentangling Jets”, 
Textile Research Journal, 73 (5), 2003, pp 444-450 
This paper was the first to report an investigation of the effect of nozzle 
geometry on the water jets used in the hydroentangling process. The 
hydroentanglement process uses cone-capillary nozzles, typically with the 
diverging cone side on the jet outlet.  The reasons for this choice and the 
effect of cone angle were investigated using single nozzles with the cone 
angle ranging from 10o to 120o with a capillary diameter of 120 μm, at a 
pressure range of 30-120 bars.  Cone-only nozzles without the capillary 
section and with varying cone angles were also investigated. The effect of 
the cone angle on the flow properties were studied by parameters such as 
the discharge and velocity coefficients and the intact length of the jet.  
Flow visualisation techniques were used to determine the flow regimes and 
characteristics, and to inspect the intact length and appearance of the 
jets. The effect of interaction of the neighbouring nozzles on the flow was 
studied using a multi-hole nozzle arrangement, and the group 
characteristics were compared with the single-hole nozzles.  
Nozzles with cone-up and capillary configuration displayed significantly 
higher discharge coefficients and relatively lower velocity coefficients 
compared to the cone-only nozzles.  Discharge coefficient showed a 
gradual drop in the 60o to 120o cone-angle-range which resulted in an 
increase in the intact length of jet. Whilst the cone down configuration had 
a slight increasing effect on the velocity coefficients, it resulted in the 
lowest discharge coefficients for all nozzles, the longest intact lengths of 
jet and much more stable flows.  Jets in the multi-hole nozzle 
arrangement demonstrated some effect of flow stream interaction. It was 
concluded that the cone down configuration is the most efficient and 
effective arrangement for hydroentangling due to the lowest discharge 
coefficient (low pressurised water consumption), high velocity coefficient 
(higher jet velocities), and longer intact lengths (uniform jets with higher 
energy). This paper was written by the postdoctoral researcher (Dr. 
Ghassemieh) in collaboration with the co-investigator Mr Versteeg and 
myself. 
33. Ghassemieh, E., Versteeg, H.K. and Acar, M., The Effect of Nozzle 
Geometry on the Flow Characteristics of Small Water jets, 
Proceedings of the IMechE Part E: Journal of Process Mechanical 
Engineering, 220 (12), pp 1739-1753, 2006 
This paper reports an in-depth experimental investigation using a wide 
range of hydroentanglement nozzle designs, including a wide ranging 
geometry effects on the flow parameters and jet characteristics. Circular 
and elliptical nozzles with a diameter range of 120-170 μm, as well as 
nozzles with conical, cone-capillary and capillary-only cross-sections were 
investigated. For conical and cone-capillary nozzles, the effect of cone 
angle and interactions between adjacent nozzles in a multi-hole cone-
capillary nozzle system was studied.  The effect of diameter variations and 
inlet edge roundness were considered.  The effect of aspect ratio of 
elliptical nozzles was also studied.  Discharge, velocity and contraction 
coefficients were calculated for the supply pressures of 3 to 12 MPa. 
Visualisation of the jet flow was carried out in the vicinity of the nozzle 
exit in order to identify near-nozzle flow regimes and to study jet 
coherence.  The relationship between the nozzle geometry, discharge 
characteristics, and jet coherence was examined. The results 
demonstrated that the flow was governed by the inertia and viscous forces 
and cavitation effects due to local changes in pressure.  Attached flow was 
observed with rounded and conical inlets with small cone angle whereas 
separated flow or hydraulic flip was observed with sharp inlets and high 
cone inlet angles.  Diameter variations did not affect the discharge 
coefficient. Elliptical nozzles demonstrated similar behaviour to that of the 
circular capillary nozzles except at high diameter ratios which produced 
higher discharge coefficients.  Manufacturing tolerances and surface 
roughness were observed to be important for very small nozzles. This 
paper was the last of the series on hydroentanglement process originating 
from the EPSRC funded project which I led as the PI.  This research 
provided insight into the effect of many design parameters of the 
hydroentangling nozzles on the water jets produced. The postdoctoral RA 
(Dr Ghassemieh) is the principal author of the paper. 
34. Acar, M. and Harper, J.F., ''Textile Composites from Hydro-entangled 
Non-woven Fabrics'', International Journal of Computers and 
Structures, 76, 2000, pp 105-114 
This paper was the first to investigate the potential of hydroentangled 
nonwovens as reinforcement in structural composites.   Work reported 
involved producing various composite materials by impregnating 
hydroentangled fibrous structure with a suitable polymer and evaluating 
the composite properties by a number of tests, such as the tensile 
strength and impact resistance.  A scanning electron microscope was used 
to study the fracture surfaces of the tensile specimens. Results showed 
that the hydroentangled nonwovens offered an alternative method to 
producing preformed fabrics for reinforced plastics with high energy 
absorbing properties. They demonstrated a particular potential for 
improvement for impact resistance. The use of mixed fibre ‘hybrid’ fabrics 
demonstrated possible synergistic improvements in properties.  This paper 
originated from the work of two undergraduate students closely 
supervised by the authors. I wrote the paper in collaboration with my 
colleague Mr. Harper. 
35. Vaidya, N., Pourdeyhimi, B., Shiffler D. and Acar, M., “The 
Manufacturing of Wet-laid Hydroentangled Glass Hybrid Composites: 
Preliminary Results”, International Nonwovens Journal, 12 (4), 2003, 
pp 55-59 
This paper resulted from the research of Ms Vaidya, the graduate student 
at North Carolina State University whom I supervised as the principal 
investigator, with Professor Pourdeyhimi and Dr Shiffler as co-
investigators. In this research, hydroentangled preforms, made from a 
blend of glass fibres and either low-melt polyester fibre or bi-component 
(polyester/ polyethylene) sheath-core fibre, were used to demonstrate 
their potential for composites applications. Wet-laid webs, with isotropic 
properties, were hydroentangled to form strong, flexible preforms that 
could be easily manipulated for the production of compression moulded 
composites. To achieve the required web density, several wet laid sheets 
were stacked and hydroentangled into a single sheet.  The final sheet 
structure was then heat pressed in a mould to melt the polymer matrix to 
achieve the final composite form. Then the tensile and four-point bending 
tests were conducted to evaluate the mechanical properties of the 
composites produced.  Composite strength demonstrated an increase with 
increasing glass fibre content up to 30-40% and then it began to 
deteriorate.  The glass-bi-component blend showed a better performance 
than the glass/polyester mix. Although these composites are not 
comparable to resin bonded systems they have the advantage of being 
moulded easily to form rigid three dimensional shapes. This paper was 
written by the graduate student (Ms Vaidya) under close supervision by 
myself and co-investigators. 
36. Hossain, M., Acar, M. and Malalasekera, W., A Mathematical Model for 
Airflow and Heat Transfer in Fibrous Webs, Proceedings of the 
IMechE, Part E: Journal of Process Mechanical Engineering, 219 (4), 
2005, pp 357-366 
Passing hot air through a fibrous web, especially those with considerable 
thickness, is a common method of bonding fibres at their points of contact 
to produce a coherent web structure.  However, very little was understood 
about the fundamental mechanism of the process.  This paper represents 
a significant progress in this respect which reports a computational model 
that investigates the air flow and heat transfer through fibrous webs.  The 
model takes into account the porosity of the web and solves the 
continuity, momentum and energy equations. The main feature of the 
model is the development of a thermal energy equation, which 
incorporated the heat of fusion of fibres which considers the melting of the 
fibres. Local flow information such as air velocity, temperature and melt 
fraction of the fibres was determined by computational model simulations.  
The model could also predict an important parameter, the time required to 
melt the fibres throughout the web. It incorporated as variables, the fibre 
material, web thickness and porosity and for different operating conditions 
such as the air temperature and velocity.  This model can potentially be 
used to analyse the through-air bonding process and to design products. 
The postdoctoral researcher (Dr Hossain) wrote this paper in conjunction 
with myself as the principal investigator and the co-investigator.  
37. Hossain, M., Acar, M. and Malalasekera, W., Computational Analysis of 
Fibre Bonding in the Through-Air Process, Proceedings of the IMechE, 
Part E: Journal of Process Mechanical Engineering, 221, No. E2, 2007, 
pp. 69-75 
This paper focuses on the bond formation between two fibres in contact 
with each other when subjected to hot air flow.  The computational 
method used involved solving the Navier-Stokes equations for a two-
phase flow of air and molten polymer in a three dimensional configuration. 
The heating, melting and bonding of fibres were modelled by the volume 
of fluid concept together with a melting model. The simulations predicted 
the development of a bond between two fibres in contact and the change 
of size and shape of the bond with time at a given bonding temperature. 
The heating time of the fibres to the bonding temperature level was shown 
to be significantly shorter than the actual bonding time of the fibres. It 
was shown that the bonding begins at a fast rate with the molten polymer 
flowing to the contact point between the two fibres.  Then the rate of 
polymer flow, which is primarily governed by the surface tension forces, 
gradually slows down. The effect of the air temperature on the formation 
of the bond was not significant showing a slight increase in the bonding 
rate at higher temperatures due to the increase in the polymer viscosity. 
Bond formation rate also displayed some increase with smaller fibre 
diameters. This research provided a sound understanding of the bond 
formation between two orthogonal fibres. The postdoctoral researcher (Dr 
Hossain) wrote this paper in conjunction with myself as the principal 
investigator and the co-investigator.  
4. Other textile processes 
This section includes six further papers on the following, smaller scale 
textile engineering projects that I also led as the principal investigator: 
(i) An adventurous, proof of concept, project into using pulse lasers to 
fuse false-twist textured yarns at discrete, regular intervals to impart 
fused points in order to mimic the ‘nips’ produced by the intermingling 
jets. This project was supported by an EPSRC research grant.  Jones 
and Dudeney were the research assistants. 
(ii) An investigation of fibre opening, alignment and straightening in the 
open-end spinning process using a high-speed air flow to transport the 
fibres together with the damage caused by the impact of the fibre 
opening roller on the fibres and its effect on the yarns spun from such 
fibres. This research linked the visiting scholar (Ülkü) from Uludağ 
University, Bursa, Turkey, as the main researcher to the then current, 
EPSRC sponsored project on friction spinning.  
(iii) The design, development and construction of a novel circular warp 
knitting machine, which was too complicated to be realised in the 
circular machine format, was made possible through an industry-
university collaboration that I led as the PI, in collaboration with a 
local company, Tritex International through a Teaching Company 
Scheme grant. This machine used the novel concept of a truncated 
conical needle bed and patterning rings controlled by high-speed 
servomotors enabling limitless precision patterning possibilities. The 
prototype machine was demonstrated at the 1999 ITMA (international 
Textile Machinery) Exhibition in Paris. Two teaching company 
associates (Mermelstein and Hale) worked on this aspect of the 
project. 
 
Summary of Papers: 
38. Acar, M., Dudeney, W. L., Jones, J., Jackson, M. R. and Malalasekera, 
W, Laser Fusion to Impart Cohesion to Textured Filament Yarns, 
Journal of Industrial Textiles, 34 (3), 2005, pp 181-193 
The conventional intermingling process uses a high-speed air jet to create 
knot-like intermittent entangled nodes (‘nips’ or ‘tacks’) in the textured 
yarn. This paper reports a feasibility research into the use of a pulse laser 
to fuse such yarns at discrete points at regular intervals along its length to 
impart cohesion at the required frequencies as an alternative technique to 
air-intermingling. The multifilament yarn was first theoretically modelled 
to compute the heat flow into the yarn and to estimate the heat energy 
required to fuse the textured yarn without completely melting them when 
heated by a pulse laser. In the model, the fully implicit method of finite 
differences scheme was used. The model estimates the energy and 
temperature distribution through the yarn. The model enabled a larger 
number of different situations to be investigated by varying the intensity 
and duration of heating and the speed of the yarn. 
In the experimental trials, the pulse frequency and duration, hence the 
heat intensity, were varied to establish the suitable range of operating 
conditions determined by the modelling. Results from the experiments 
with a range of polyester and nylon textured yarns showed that fusing the 
textured filament yarn by using a pulse laser to create nips at the required 
frequencies is entirely feasible, offering an alternative nip formation 
process and potential for industrial exploitation. I wrote this paper with 
contributions from the co-authors. 
39. Ülkü, S., Acar, M., King, T.G. and Özipek, B., ''Fibre Alignment and 
Straightening in Opening for OE Spinning'', Textile Research Journal, 
63 (6), 1993, pp 309-312 
This paper reports an investigation into the opening, alignment and 
straightening of the fibres in the open-end spinning process when 
transported by the air flow from the fibre opener roller to the nip of the 
friction-spinning rollers through the fibre delivery channel.  Ideal yarn 
spinning conditions require the sliver to be opened and separated to 
individual fibres by the opening rollers, oriented and delivered to the 
spinner in a parallel format by the air transportation.  To achieve this, the 
fibres must be straightened during the removal from the pin-clothing of 
the opening roller and transported by air in this form. The effect of the air 
flow speed in the fibre delivery channel and speed of the opening roller on 
the fibre orientation was investigated using cotton and polyester fibres. A 
high-speed camera at a rate of 20,000 frames per second was used with 
the aid if a 10-Watt copper vapour pulse laser as the light source with 
very short pulse duration of ~15 ns to capture the image of the individual 
fibres travelling at a speed in excess of 20 m/s.  The analysis of the 
images showed that, at a given constant air flow speed, the fibre 
straightness and degree of alignment along the axis of the flow 
deteriorated with increasing opening roller speed.  It was also shown that, 
at a constant roller speed, the fibre straightness and degree of alignment 
improved with increasing air-flow speed.  The trends were observed with 
both cotton and polyester fibres. The results suggest that the initial fibre 
straightening in the fibre transport channel very much depends on the 
velocity differential between the opening roller surface speed and the fibre 
transport speed induced by the air velocity. The visiting Research Scholar, 
(Ülkü) and I wrote this paper with assistance from the co-supervisors. 
40. Ülkü, S., Özipek, B. and Acar, M., ''Effects of Opening Roller Speed on 
the Fiber and Yarn Properties in Open-End Friction Spinning'', Textile 
Research Journal, 65 (10), 1995, pp 557-563 
The speed of rollers used to open and separate fibres in the open-end 
spinning process is very high. Consequently, the impact of the pins 
protruding from the surface of the opening roller on the fibres is also very 
high causing considerable fibre damage.  This paper reports an 
investigation on the fibre breakage at different opening roller speeds and 
the relationship between the fibre damage and the properties of the 
friction spun yarns made from cotton, polyester, viscose and acrylic fibres.  
The fibre damage was determined statistically by measuring the fibre 
length before and after they have gone through the opening roller.  It was 
observed that the level of the fibre damage varies from one type of 
material to another but a greater deterioration in yarn properties was 
observed when the yarns were processed at high opening speeds. This 
deterioration was mainly detected in yarn tenacity, elongation, evenness 
and imperfections due to high fibre breakage. A further cause of the yarn 
property deterioration is the adverse effect of the high roller speeds on 
fibre straightening. High level of yarn irregularities observed at low roller 
speeds can be attributed to a low degree of fibre opening at low speeds. It 
was therefore concluded that there is an optimum roller and air-flow speed 
for a given fibre in order to minimise the fibre breakage and maximise the 
fibre straightening. The visiting Research Scholar (Ülkü) and I wrote this 
paper with assistance from the co-supervisor.  
41. Acar, M., Mermelstein, S. and Jackson, M.R., ''Design and 
Development of a Mechatronic Circular Warp Knitting Machine'', 
Mechatronics 2002, The 8th Mechatronics Forum International 
Conference, University of Twente, Enschede, the Netherlands, 24-26 
June 2002, 12 pp.  
This paper reports the design, manufacture and testing of an innovative 
method of producing warp knitting fabrics, using a circular arrangement of 
the needles rather than the linear formation as used in flat bed machines. 
The separate reciprocating and swinging motions of the needles in a flat-
bed warp knitting machine were combined into a single motion in the 
circular machine by using the truncated-cone needle-bed concept. This 
novel concept, which allows the needles to slide simultaneously in the 
radial and vertical directions, made the circular warp knitting machine 
design feasible. Initially a mechanically controlled patterning system was 
designed, built and successfully tested on a prototype machine to prove 
the new knitting mechanism concepts and its interaction with the 
patterning rings. Having proven the concepts, a mechatronic patterning 
mechanism was developed for the second prototype using AC brushless 
servomotors to control the three patterning rings as detailed in paper 
[42]. This design significantly reduced the machine parts required and 
increased the patterning capabilities significantly. Fabric patterns could be 
changed during knitting by changing software parameters, thus avoiding 
the long machine stoppages required to change patterning cams. The new 
design not only made its patterning capabilities significantly superior to 
any mechanical system; but also met the response requirements that 
would allow the machine to be run at 1000 rpm design speed. Prototypes 
of both mechanisms were manufactured and successfully tested on 
separate machines. I wrote this paper, based on the work of the Teaching 
Company Associate (Mermelstein). 
42. Mermelstein, S.P., Hale, D., Acar, M., Jackson, M.R. and Roberts, K., 
“Patterning Servo-mechanism for a Circular Warp Knitting Machine'', 
Mechatronics Journal, 11 (6), 2001, pp 617-630 
This paper presents a mechatronic solution to the problem of designing a 
patterning mechanism for a circular warp knitting machine.  The cycle of 
the warp-knitting process was too complicated to be realised in the 
circular machine format. A circular warp-knitting machine with a conical 
needle bed made the circular warp knitting possible, as detailed in paper 
[41]. This concept required circular patterning rings to move the yarns to 
the position of the required needle for a given pattern (shogging motion). 
The patterning rings controlled by high-speed AC brushless servomotors 
enabled limitless precision patterning possibilities. This new design 
replaces the traditional mechanical cam and linkage system which 
severely limits the patterning capability of the knitting machines. This 
paper also reports a method of selecting servomotors based on minimising 
the power required to perform the fastest motion needed for a given 
application. This is significant as it minimises the cost of the system for a 
given application. A circular warp-knitting machine with servomotor drives 
selected using the method reported was designed, built and successfully 
tested. Servomotors met the requirements that allowed the machine to 
run at 1000 rpm. The prototype machine was exhibited at the 
International Textile Machinery Exhibition (ITMA’99) in Paris. I wrote this 
paper, based on the work of the Teaching Company Associates 
(Mermelstein and Hale). 
43. Mermelstein, S. P. and Acar, M., Modelling the Pattern Creation 
Process for the Optimum Design of a Circular Warp Knitting Machine 
Using a Conical Needle-bed, J of the Textile Institute, 98 (5), 2007, 
pp 397-407 
In the novel circular warp-knitting machine with a conical needle-bed and 
patterning ring, reported in [41, 42], the interaction between the 
patterning and knitting mechanisms of a warp-knitting machine is critical 
for the performance of the machine.  In a circular warp-knitting machine, 
geometric parameters such as the diameter of the patterning rings and 
the distance between the rings and the needles can significantly affect the 
patterning capability of the machine.  This paper describes an approach to 
modelling the yarn and needle paths in the circular warp-knitting machine 
using a set of mathematical equations that govern the relationship 
between different geometric parameters in order to calculate the possible 
amplitude of the shogging movement, the limits the motion of the 
patterning rings and to optimise the machine performance. The algorithms 
were created and successfully tested using a case study. The model 
provides a useful tool for the designer of the circular warp knitting 
machines using conical needle beds. Teaching Company Associate 
(Mermelstein) and I wrote this paper.
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